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FOREWORD 


This  is  a  final  report,  on  the  Main  Tank  InjecLion  (MTI)  Pres¬ 
surization  System  Program  sponsored  by  the  Air  Force  Rocket  Pro¬ 
pulsion  Laboratory,  Edwards  Air  Force  Base,  California,  under 
Contract  AF04(611)-8198  .  Mr.  Charles  H.  Allen  (DGRPT)  of  the 
Rocket  Research  Laboratories,  AFFTC,  Edwards  Air  Force  Base  was 
the  Project  Officer  and  Mr.  Thomas  R.  Heaton  of  the  Martin 
Company,  Program  Manager.  The  technical  effort  was  primarily 
under  the  direction  of  Mr.  Franklyn  L.  Roberts,  Assistant  Manager 
and  Richard  J.  Kenny,  Project  Engineer. 

In  addition  to  the  primary  authors,  technical  contributions 
were  also  made  by  Messers.  T.  Pharo,  T.  F.  Morey,  A.  Joslin,  and 
T.  Blum  who  worked  on  specific  areas  of  the  investigation  on  a 
part  time  basis.  Acknowledgement  is  also  given  to  Messrs. 

D.  Cary  and  T.  Ward  who  conducted  the  Phase  I  and  III  test  program, 
respectively,  and  Mr.  R.  Yarrow  who  programed  the  MTI  Mathematical 
Model  on  the  IBM  7094  digital  computer. 

The  research  and  development  work  was  performed  at,  the  Martin- 
Denver  Hazardous  Materials  and  Cold  Flow  Laboratories,  while  the 
major  portion  of  the  chemical  analysis  was  conducted  by  the  Na¬ 
tional  Bureau  of  Standards  Laboratory  in  Boulder,  Colorado.  The 
theoretical  studies  and  engineering  effort  was  the  responsibility 
of  the  Advanced  Technology  Unit,  Propulsion  Section.  This  re¬ 
port  covers  the  work  performed  during  the  15-month  period  com¬ 
mencing  1  June  1962. 

The  Martin  Company  report  number  for  this  document  is  FTC-CR- 
63-23. 
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ABSTRACT 


This  report  describes  the  analytical  and  experimental  effort 
expended  in  the  development  of  a  flight  type  ground  demonstra¬ 
tion  test  article  employing  a  Main  Tank  Injection  (MTI)  Pres¬ 
surization  System,  The  overall  program  was  conducted  in  four 
phases:  (1)  Preliminary  investigations  including  the  basic  re¬ 

search  and  development  of  a  small-scale  system;  (2)  design  and 
fabrication  ot  a  tllght-type  test  article;  (j)  fuii-scaie  system 
development  and  demonstration  test;  and  (4)  system  analysis  re¬ 
sulting  in  the  formulation  of  a  design  handbook  and  study  of 
specific  vehicle  applications. 

Several  theoretical  studies  were  performed  to  establish  sys¬ 
tem  requirements  and  determine  possible  system  configurations, 

A  brief  investigation  of  materials  required  in  the  design  of  a 
chemical  pressurization  system  was  also  performed.  Based  on  an 
analysis  of  current  vehicle  requirements  and  information  gained 
in  the  small-scale  test  program,  an  MTI  pressurization  system 
design  criteria  was  compiled  to  direct  the  full-scale  demonstra¬ 
tion  system  design.  An  abbreviated  version  of  the  IBM-7094  MTI 
mathematical  model  was  used  in  the  early  performance  studies 
while  a  general  description  of  the  final  version  is  contained 
with  a  comparison  made  of  experimental  and  theoretical  data, 

A  considerable  amount  of  experimental  data  were  accumulated 
during  the  course  of  the  program  and  were  analyzed  to  identify 
pertinent  effects  resulting  from  the  chemical  pressurization  proc 
ess.  Composition  and  properties  of  the  pressurizing  gas  and 
rate  of  ullage  saturation  with  propellant  vapors  are  reported 
based  on  extensive  mass  spectrometer  gas  analysis,  An  Investiga¬ 
tion  of  propellant  degradation  due  to  the  reaction  process  and 
dilution  by  condensate  is  also  Included.  Determining  reaction 
process  characteristics  was  a  major  consideration  ia  this  pro¬ 
gress  to  establish  reagent  consumption  and  system  thermodynamics . 
Theoretical  heat  and  mass  balances  are  described,  based  on  the 
reaction  mixture  ratio  determination  and  combustion  zone  defini¬ 
tion. 
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I .  INTRODUCTION 


The  Main  Tank  Injection  (MTI)  Pressurization  System  is  a 
chemical  method  of  propellant  tank  pressurization.  The  process 
is  initiated  by  injecting  a  small  quantity  of  hypergolic  reagent 
into  the  main  propellant  tank.  Subsequent  pressurization  of  the 
other  tank  may  be  accomplished  either  by  direct  reagent  injec¬ 
tion  or  in  the  case  of  the  oxidizer  tank,  may  be  pressurized  by 
the  combustion  products  generated  in  the  fuel  tank.  This  system 
is  desirable  because  of  the  high  density  and  low-pressure  stor¬ 
age  of  the  reagent,  and  the  capability  for  generation  of  a  rela¬ 
tively  low  density  pressurant  without  the  use  of  a  heat  exchanger. 
This  study  concerns  the  adaption  of  an  MTI  pressurization  system 
to  a  flight-type  test  article  and  to  specific  current  propulsion 
systems  using  the  propellants  nitrogen  tetroxide  and  a  50/50 
blend  of  hydrazine  and  unaymmetrical  dlmethylhydrazine. 

The  technical  approach  has  been  to  study  the  important  factors 
influencing  the  pressurization  process  by  laboratory  experiments 
and  analytically  determine  system  operating  characteristics  to 
evaluate  various  possible  designs.  Several  engineering  studies 
were  completed  Initially  to  establish  the  pertinent  design  require¬ 
ments  of  such  a  system,  identify  desirable  configurations,  and 
determine  the  most  promising  applications.  Verification  of  the 
theoretical  performance  and  development  of  a  practical  system  was 
accomplished  by  a  considerable  amount  of  testing  on  5  1/3-cu  ft 
thick  wall  spherical  tanks  and  subsequent  demonstration  in  a 
2,000-gal.  full-scale  flight-type  ground  test  article,  The  re¬ 
search  fixture  was  fabiicated  to  Investigate  the  actual  reaction 
process  and  develop  components  and  operating  procedures  on  a 
small-scale  basis  at  pressures  up  to  200  psia.  Full-scale  sys¬ 
tem  design  recommendations  were  established  from  this  program, 
which  involved  approximately  80  tests. 

Based  on  the  full-scale  system  testing  and  correlation  with 
the  performance  predicted  by  a  mathematical  models  the  pertinent 
system  characteristics  were  compiled  in  the  form  of  a  design 
handbook.  By  using  the  knowledge  gained  from  the  entire  program, 
a  study  of  two  Air  Force-designated  vehicles  was  performed  to 
evaluate  the  possible  adoption  of  an  MTI  Pressurizatldi  System  to 
those  designated  vehicles. 


II.  PHASE  I  PROGRAM 


The  primary  objective  of  the  Phase  I  program  was  to  develop  a 
small-scale  MTI  Pressurization  System  and  obtain  sufficient  data 
to  identify  full-scale  system  design  requirements.  Several  pre¬ 
liminary  studies  were  performed  to  enable  small-scale  system  de¬ 
sign  and  provide  guidelines  for  research  testing.  These  studies 
included  an  identification  of  system  requirements,  an  evaluation 
of  possible  configurations  and  applications,  a  materials  investiga¬ 
tion,  and  the  development  of  small  computer  program  for  determining 
approximate  system  performance  for  separate  tank  pressurization. 

The  major  portion  of  the  Phase  I  effort  was  devoted  to  closed  sys¬ 
tem  testing  of  the  small-scale  research  fixture  with  a  small  amount 
of  qualitative  laboratory  experimentation. 


A.  PRELIMINARY  INVESTIGATION 


A  thorough  search  of  the  literature  concerning  similar  processes 
and  a  review  of  previous  experimentation  on  the  chemical  pressuri¬ 
zations  of  liquid  propellant  rocket  propulsion  system  was  performed 
initially  to  acquire  a  knowledge  of  the  process  and  identification  of 
anticipated  problems.  The  feasibility  of  the  process  was  established 
by  the  smooth  combustion  reported  by  Lockheed  (SSD-TR-61 -21) .  Thus, 
emphasis  was  placed  on  adapting  the  process  to  a  flight  weight  sys¬ 
tem,  end  obtaining  further  information  on  process  characteristics 
in  view  of  the  high  combustion  temperatures  involved. 

Further  identification  of  the  combustion  phenomena  or  identifi¬ 
cation  of  influence  parameters  was  not  described  in  the  literature, 
and  only  a  very  small  portion  of  the  information  acquired  was  ap¬ 
plicable  to  the  type  process  involved.  Using  experimental  data  from 
the  literature  search  and  established  techniques  for  equilibrium- 
type  combustion  reactions,  estimates  of  expected  operating  char¬ 
acteristics  were  made.  In  addition,  the  general  requirements, 
construction,  and  application  of  the  MTI  Pressurization  System  were 
studied  and  pertinent  results  are  summarized  in  this  chapter. 

1.  Requirements  Study 

The  general  requirements  for  adaption  of  the  MTI  pressurization 
process  for  any  particular  rocket  vehicle  application  were  studied 
to  provide  basic  design  and  performance  data.  A  specific  attempt 
was  made  to  identify  pertinent  operating  conditions  or  environments 
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that  would  impose  unique  design  considerations  on  the  various  in¬ 
jection  techniques  and  system  configurations.  Where  absolute  values 
could  not  be  established  due  to  the  general  nature  of  the  study, 
the  important  factors  influencing  the  requirements  were  identified. 
The  significant  design  requirements  affecting  the  KTI  pressurization 
techniques  were  studied  for  three  basic  applications,  large  boosters, 
sustainer  vehicles,  and  space  exploration  systems.  These  require¬ 
ments  are  discussed  with  respect  to  the  pressurization  system,  pro¬ 
pellant  feed  system,  engine  system,  and  structural  characteristics. 

Pressurization  System  -  The  primary  advantage  of  the  chemical 
pressurization  system  lies  in  its  capability  for  high-density  stor¬ 
age  at  low  pressures,  and  low-density  pressurization  of  the  propel¬ 
lant  tank  ullege.  The  resultant  overall  system  weight,  however, 
has  to  be  determined  for  the  particular  application,  since  the  op¬ 
timum  design  will  be  a  function  of  pressurization  system  configura¬ 
tion  and  capacity.  Therefore,  a  particular  weight  limit  cannot  be 
eatablished  as  a  general  requirement.  Pressurization  system  weight, 
however,  can  be  computed  from  the  sum  of  the  weights  of  the  pres¬ 
surizing  gas  and  components  required.  In  the  case  of  any  pressuri¬ 
zation  system,  the  residual  pressurant  remaining  In  the  Btorage 
container  should  be  included.  In  the  gas  generator  and  Mil  systems 
any  condensate  formed  must  be  identified.  If  extra  capacity  turbo¬ 
pumps  or  gas  generators  are  required  to  effect  pressurization  a 
proportional  share  of  the  weight  of  these  systems  should  be  included. 
For  comparison,  comparable  pressurant  storage  density  and  final  den¬ 
sity  of  a  stored  gas  in  a  helium  system  and  an  KTI  pressurization 
system  are  shown  in  the  following  tabulation; 


Type  Design 

Storage  Density 
(lb/ft3) 

Pressurant  Density 
(lb/ft3) 

Helium  System 

1.937  (525®R  and 
300Q  psia) 

0.018  ( 7 50 “R  and 

36  psia) 

MTI  Sy item 

67*  (525*R  and 

36  pala) 

0.067*  (750®R  and 

36  paia) 

*Based  on  a  reaction  mixture  ratio 
weight  of  IS. 

of  0.7  and  molecular 

The  final  gas  density  of  an  Mil  system  opersting  at  comparable 
temperatures  is  3.7  times  heavier  than  the  helium  density.  However, 
the  heat  exchanger  and  large  storage  container  required  in  the  helium 
system  imposes  a  severe  weight  penalty.  Although  the  Mil  system  is 
penalized  by  condensing  products  of  reaction,  the  elimination  of  a 
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heat  exchanger  and  the  lighter  storage  system  required  (due  to  the 
low  storage  pressure  and  34.6  times  higher  initial  density)  makes 
this  system  appear  attractive  for  many  applications. 

A  study  of  pressure  control  requirements  has  indicated  that 
separate  characteristics  are  required  for  pump-  and  pressure-fed 
engines.  The  propellant  tank  ullage  pressure  requirement  would  be 
a  function  of  the  trajectory  and  vapor  pressure  (for  pump  systems). 
In  general,  a  tolerance  of  3%  is  mandatory  for  most  applications 
for  the  pressure  profile  required  during  the  mission.  The  pres¬ 
surization  system  to  be  developed  must  maintain  the  desired  tank 
pressure  under  variable  propellant  outflow  to  demonstrate  system 
versatility,  even  though  it  may  not  be  required  for  some  future 
applications.  Changes  in  ambient  conditions  as  a  result  of  a  par¬ 
ticular  flight  pattern  or  mission  must  not  affect  tank  pressure 
control.  That  is,  propellant  slosh  or  inertia  forces  exerted  on 
the  reagent  injected  should  not  adversely  affect  the  process. 

Based  on  possible  future  application,  the  pressure  range  for  sys¬ 
tem  operation  would  be  from  20  to  300  psia,  Special  applications 
requiring  higher  operating  pressures  will  cause  unique  problems  in 
tank  and  insulation  material  requirements  due  to  the  inherent  high 
temperatures  encountered. 

The  system  operating  temperature  limits  have  been  established 
considering  propellant,  component,  and  tank  materials.  Although 
the  effects  of  propellant  vaporization  cannot  be  identified  for 
general  application,  an  upper  temperature  limit  of  1000°F  at  low 
pressure  (20  to  60  psia)  has  been  established  for  the  storable  pro¬ 
pellants  under  consideration.  This  limit  is  based  on  possible  rapid 
decomposition  of  the  hydrazine-unsymetrical  dimethyl  hydrazine  mix. 
Similarly,  a  1000'F  hot  gas  temperature  limit  has  been  imposed  due 
to  current  component  design.  The  following  tabulation  identifies 
maximum  system  operating  temperatures  based  on  allowable  tank  wall 
temperatures. 


Material 

Maximum  Material 
Temperature  (®F) 

Estimated  Maximum 
Ullage  Gas 
Temperature  (°F) 

Aluminum  Alloy 

300 

500 

Titanium 

700 

1000 

Stainless  Steel 

1000 

1400 

High  Temperature 
Steel  Alloy 

1300 

1800 
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A  gas  temperature  tolerance  of  +47,  In  the  300  to  500°F  range 
and  +57.  tolerance  In  the  500  to  1000#F  range  has  been  established 
to  verify  system  performance  repeatability.  This  temperature  con¬ 
trol  must  be  Inherent  in  the  MT1  pressurization  process  to  establish 
reagent  loading  quantities  and  minimum  insulation  requirements. 

Other  miscellaneous  general  requirements  identified  include: 

1)  Previous  pressurization  system  experience  has  estab¬ 
lished  a  57.  maximum  initial  propellant  tank  ullage 
volume  for  efficient  system  design; 

2)  For  certain  space  missions  requiring  a  rendezvous  and 
refueling  operation,  the  absence  of  a  facility  gas 
supply  for  prepressurization  of  the  initial  ullage 
volume  imposes  a  need  for  adequate  MTI  system  response 
for  pressure  control  with  this  minimum  ullage; 

3)  Continuous  pressurization  during  long-term  storage  in 
apace  may  be  required  for  an  inatant  response  engine 
re-atart  capability.  However,  pressurization  after 
long  coast  periods  should  be  demonstrated  to  establish 
time  requirements  since  proper  propellant  orientation 
may  be  required  before  and  during  pressurization; 

4)  Hazardous  conditions  imposed  by  zero-gravity  operation 
of  an  MTI  common  ullage  system  require  that  a  suitable 
system  design  be  developed. 

Detailed  Mil  system  and  component  requirements  are  presented 
in  Chap.  IIX.B  for  the  small-scale  system  development  program.  The 
design  parameters  for  full  size  applications  are  given  in  Chap.  V.B. 

Propellant  System  -  MTI  system  design  requirements  resulting 
from  propellant  system  characteristics  were  considered  in  view  of 
rocket  engine,  flight  control,  and  structural  requirements.  These 
requirements  can  generally  be  classified  as  functional  and  compati¬ 
bility  problems  resulting  directly  from  the  condition  of  the  liquid. 

Functional  requirements  Indirectly  concern  engine  performance, 
component  operation,  residual  propellant,  and  overall  system  and 
vehicle  performance.  Propellant  vaporization  resulting  from  the 
Mil  pressurization  process  will  directly  contribute  to  the  overall 
weight  penalty  imposed  and  must  be  minimized  for  any  given  propel¬ 
lant  combination.  The  engine  and  component  function  requirements 
dictate  the  condition  of  the  propellant  must  insure  less  than  5% 
soluble  inerts  and  viscosity  Increase  lor  the  fuel  and  1%  limit  for 
the  oxidizer,  based  on  available  data.  The  following  tabulation 
itemizes  maximum  particulate  contamination. 


II-4 


RTD-TDR-63-1123 


Solids 

Fibers 

Maximum 
Diameter  (p) 

No.  Allowed 

Length  (p) 

Maximum 

Diameter 

(p) 

No.  Allowed 

0  to  300 

Not  limited  by  count 

0  to  750 

25 

Not  limited  by  count 

300  to  500 

6/1000  ml  of  liquid 

750  to  2000 

25 

21/100  ml  of  liquid 

500  to  1000 

2/100  ml  of  liquid 

2000  to  6000 

40 

3/100  ml  of  liquid 

Over  1000 

1/100  ml  of  liquid 

In  addition,  the  allowable  entrained  vapor  in  the  propellant  must 
be  less  than  3%  for  the  turbopump  pressurized  systems  to  keep  within 
the  allowable  thrust  variation  established  by  current  propulsion 
system  specifications,  this  specific  requirement  will  be  a  func¬ 
tion  of  pump  design,  and  will  have  to  be  assessed  on  an  individual 
basis.  For  gas  pressurized  systems  as  much  as  107.  or  more  entrained 
vapor  may  be  allowed.  The  allowable  moisture  content  should  be  less 
than  27.  by  volume  to  insure  a  reduction  in  specific  impulse  of  less 
than  1/27..  A  typical  more  specific  description  of  this  requirement 
is  shown  in  Fig.  II-l  with  some  performance  predictions  of  a  spe¬ 
cific  rocket  systems  shown  in  Fig.  II-2. 

The  effect  on  vehicle  stability  due  to  slosh  induced  by  the  sub¬ 
surface  pressurization  process  will  require  an  analysis  of  the  spe¬ 
cific  application.  Vehicle-induced  slosh,  however,  will  create  a 
design  requirement  to  prevent  splashing  propellants  into  the  common 
ullage  manifold  and  to  maintain  stable  pressure  control  with  the 
surface  reagent  injection  system.  Vehicle  pitch  rates  have  been 
established  from  a  review  of  nominal  booster  trajectories  to  in¬ 
sure  Mil  process  control.  The  design  pitch  rates  are  13  deg/sec 
for  roll  and  5  deg/sec  for  pitch  and  yaw;  a  frequency  of  <5  cps 
applies  to  all  three  maneuvers. 

The  random  vibration  design  criteria  are  presented  in  Fig.^I-S. 
Propellant  surface  effects  crested  by  this  criteria  were  used  to 
establish  HTI  capability  under  simulated  flight  conditions. 
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Fig.  II-2  Effect  on  l  of  Water  in  N  0  /N  H  -UDMH 
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Fig.  11-3  Mndoei  Vibration  Dailgn  Criteria  for  an  KTI  Freeiurlsatlon 
lyetee,  Flight  Invlronaent 
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Engine  System  .»  A  survey  of  eng ine-pr  &po  1 1  an t  feed  requirements 
was  made  to  identify  significant  requirements  for  an  MTI  pressuri¬ 
zation  system  design.  Two  general  engine  types  were  investigated 
and  categorized  according  to  the  type  of  propellant  feed  (pump  or 
gas  pressurized) .  The  requirements  established  for  each  system 
considered  engine  performance  degradation  due  to  propellant  or  pres¬ 
surization  system  effects  that  are  induced  by  the  Mil  process.  The 
required  pressure  range  for  tank  pressurization  has  been  established 
from  a  survey  of  current  engine  requirements  at  20  to  50  psia  for 
pump-pressurized  systems  and  50  to  200  psia  for  gas-pressurized 
system.  The  allowable  pressure  fluctuation  of  +3%  has  been  dic¬ 
tated  by  allowable  mixture  ratio  shift  and  thrust  variation.  MTI 
system  requirements  include  maintaining  the  desired  tank  pressure 
within  tolerance  during  the  engine  start  transient  as  well  as  dur¬ 
ing  steady-state  engine  operation.  An  interpretation  of  existing 
booster  engine  model  specifications  has  shown  that  the  pressuriza¬ 
tion  system  response  must  be  adequate  to  supply  sufficient  gas  for 
a  maximum  propellant  flow  increase  of  10%  maximum/mi 11 is ec  up  to 
60  to  70%  rated  thrust,  and  0 . 75%/millisec  from  50%  to  full  thrust. 
Steady-state  propellant  flow  variations  are  not  critical  and  amount 
to  +1.25%.  Figure  II -4  shows  a  typical  start  transient  for  a  putnp- 
preasurized  propulsion  system. 

Current  engine  design  using  density  compensators  requires  that 
propellant  density  be  defined  for  accurate  engine  calibration.  An 
additional  requirement  is  also  apparent  for  turbopump  systems  since 
propellant  vapor  pressure  must  be  considered.  The  following  fluid 
bulk  density  variations  have  been  established  at  the  tank  outlet 
with  a  maximum  temperature  variation  rate  of  4°F/min. 


Density 

Bulk  Tempera- 

Propellant 

(lb/cu  ft) 

ture  (°F) 

N2°4 

89.3  to  92.4 

40  to  80 

0.5  UDMtt/0 . 5  1UL 

Z  4 

56.0  to.  57.2 

40  to  80 

Additional  pressurization  system  requirements  occur  when  the 
design  must  adapt  to  changing  propellant  flow  rates  encountered 
with  variable  thrust  engine  designs.  A  review  of  current  available 
engines  estsbllshed  a  requirement  for  adequate  pressure  control  over 
a  100%  to  10%  range  in  propellant  flow  rate  with  a  maximum  rate  of 
change  of  10%/sec.  This  operating  characteristic  was  established 
for  evaluating  the  various  injection  techniques  used  in  the  small- 
scale  Mil  system  and  demonstrated  in  the  full-scale  system  for  the 
final  configuration. 
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Structures  *  The  design  and  construction  o-f-  an  MEE--pj?opel-l-aht 
tank  will  be  influenced  by  both  the  characteristic  pressure  and 
thermal  effects  resulting  from  this  pressurization  process.  Pres¬ 
sure  pulsations  due  to  an  on-off  injection  system  or  unstable  com¬ 
bustion  encountered  during  continuous  modulation  will  affect  the 
selection  of  propellant  tank  material  and  construction  techniques. 
Although  the  pressure  cycling  of  the  propellant  tank  is  also  a  con¬ 
sideration  with  other  pulse-type  pressurization  systems,  the  trans¬ 
mission  of  shock  waves  through  the  propellant  may  increase  the 
design  pressures  somewhat  due  to  5  psi  pressure  surges  detected  at 
the  lower  dome  with  a  submersed  cross  flow  gas  injection  system 
to  require  special  baffles  for  eliminating  these  effects.  However, 
no  special  structural  requirements  were  identified  with  the  solid 
stream  surface  direct  injection  process.  The  fatigue  strength  of 
the  tank  material,  as  well  as  the  quality  of  welds,  will  influence 
the  amount  of  damping  required. 

The  desirability  of  certain  propellant  tank  designs  will  be 
determined  to  some  extent  by  the  particular  characteristics  of  the 
injection  process.  A  survey  of  current  design  philosophy  has  estab 
lished  a  range  of  length-to-diameter  ratios  of  2.5  to  7  with  a 
maximum  tank  length  of  140  ft,  Tank  length  will  influence  the  pres 
surization  process  since  the  time  required  for  a  reaction  to  occur 
with  a  surface  injection  system  will  change  with  the  propellant 
height  variation.  A  submersed  injection  process  would  also  be  af¬ 
fected  since  the  time  required  for  the  vapor  bubble  to  reach  the 
propellant  surface  would  vary.  With  either  injection  process,  com¬ 
bustion  zone  control  and  common  ullage  manifold  requirements  must 
be  considered. 

Temperature  considerations  will  be  significant  when  selecting 
the  optimum  tank  design.  Because  of  the  manufacturing  consider¬ 
ations  and  the  moderate  system  operating  temperatures  associated 
with  the  MIX  process,  more  efficient  use  can  be  made  of  existing 
aluminum  tankage  for  low-pressure  applications.  For  high-pressure 
designs  an  evaluation  of. insulation  requirements  versuaavaiiable 
lightweight  tempereture  resistant  materials  will  be  required.  A 
practical  temperature  limit,  however,  can  be  fstdfeJt^S&S  fote]|eh 
application  for  any  given  material  baaed  on  tank  volume.  The  in¬ 
crease  in  tank  weight  associated  with  high  temperature  operation 
will  usually  be  greater  than  the  amount  of  pressurization  system 
weight  saving  achieved  by  lowering  the  pressurant  density.  Due 
to  the  reduction  in  strength  of  materials  at  high  temperatures, 
a  limit  of  300 'F  has  been  established  for  the  maximum  aluminum 
tank  wall  temperature  for  efficient  system  design. 
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The  incorporation  of  suitable  b a f fl e a  in  the  propel  1  IntPtIHk 
will  be  required  for  some  configurations  to  assure  thermal  protec¬ 
tion  and  vapor  bubble  control.  In  the  common  ullage  design)  a 
suitable  flow  control  valve  will  be  required  to  prevent  the  hyper* 
golic  propellants  from  mixing.  The  submersed  injection  techniques 
will  requir  ■  careful  attention  to  propellant  flow  control  and  bub¬ 
ble  dispersion  to  eliminate  entrained  vapor  and  liquid  agitation. 

Approximate  requirements  established  during  the  research  test  pro¬ 
gram  and  incorporated  in  the  Phase  II  design  criteria  were  success¬ 
fully  demonstrated  in  the  full-scale  system  test  program. 

2.  Configuration  Analysis 

Various  Mil  system  configurations  were  studied  to  determine 
the  more  practical  design  for  the  Phase  III  full-scale  demonstra¬ 
tion  test  program  and  possible  future  vehicle  applications.  Sys¬ 
tems  design  considered  both  booster  and  austainer  propulsion  systems 
as  well  as  space  vehicles.  A  quantatative  comparison  was  made  based 
on  system  coat,  weight,  reliability  and  development  difficulty. 

Performance  evaluation  of  the  most  promising  systems  were  made  for 
general  applications  discussed  in  Chap.  II. A. 6.  A  more  detailed 
summary  la  contained  in  Chap.  V.C.  The  oxidizer  and  fuel  tank  pres¬ 
surization  process  waa  analyzed  for  several  injection  techniques, 
including  various  common  ullage  configurations.  Based  on  the  re¬ 
sults  of  experimental  small-scale  system  testing  the  Bolid  stream 
surface  reagent  injection  process  or  the  common  ullage  configura¬ 
tions  with  suitable  gas  conditioning  are  the  most  promising  for 
future  applications. 

Figure  II-5  is  a  common  ullage  MTI  Pressurization  System  with 
pneumatically  pressurized  reagent  storage  for  a  pressure-fed  engine. 

This  system  has  been  tested  without  success  when  ^0^  wfls  u8ec*  as 

the  reagent  because  the  reactive  constituents  In  the  pressurizing 
gas  could  not  be  eliminated.  The  use  of  other  reagents  may  elimi¬ 
nate,  this  problem.  Note  the  fuel  is  used  to  regeneratively  cool  . . 

the  pressurizing  gas. 

Figure  II -6  la  .also  a  common  ullage  KEI  Presawrieation  8yBtem,\  ; . 

however ,  the  reagent  supply  Is  contained  in  the  main  propellant  tank 
and  supplied  by  turbopump  bleed.  This  system  shows  the  common  ul¬ 
lage  pressurization  technique  that  waa  successfully  demonstrated; 
however,  subsurface  injection  is  used  for  additional  pressurizing 
gas  cooling  in  the  fuel  tank.  Inherent  vibration  associated  with 
this  process  would  require  a  development  effort  to  suppress  the 
vibration. 


{ 
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Reagent  Tank 
Reagent  Vent  Valve 


Reagent  Fill  Valve 
Reagent  Flow  Control  Valve 

Fuel  Tank  Pressure  Sense  Line 
Injector 


Liquid  Separator 


Fuel  Tank 


Common  Ullage  Line  (Regeneratively 

Cooled) 


Check  Valve 


Vent  and  Relief  Valve 


Oxidizer  Tank 


Propellant  Shutoff  and  7111  Valve* 


Fig.  11*5  Common  Ullage  MTI  Pressurization  System  with  Pneumatically 
Pressurized  Remote  Reagent  Storage,  Pressure-Fed  Engine 
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Figure  II-7  is  a  hybrid  MT-I  Pressur-i-z-atlon  -System-  wi  th-  -p!n§fcmafci-e' - 
pressurized  remote  reagent  storage  and  evaporated  propellant  for  a 
pressure-fed  engine.  Another  version  of  this  system  could  use 
stored  gas  for  pressurization  of  the  oxidizer  tank.  However,  for 
most  applications  the  weight  penalty  would  be  excessive  unless  the 
ullage  could  be  prepressurized  without  additional  pressurization 
during  flight. 

Figure  II-8  shows  a  pump-fed  injection  system  with  an  ullage 
elimination  technique  to  reduce  vaporized  T^is  system  would 

require  development  of  a  satisfactory  flexible  diaphragm  compatible 
with  both  propellants. 

Figure  11-9  is  a  schematic  of  a  dual  injection  MIX  Pressuriza¬ 
tion  System  for  a  turbopump-fed  engine.  This  system  takes  advan¬ 
tage  of  the  available  high-pressure  reagent  supply  by  crossfeed. 

In  the  simplest  form  this  system  could  employ  burst  discs  for  re¬ 
agent  isolation  before  start  and  a  fixed  orifice  for  flow  control. 

Pressurization  Process  Selection  -  Three  basic  Mil  pressuriza¬ 
tion  processes  and  the  design  requirements  of  each  were  evaluated. 
These  processes  are  identified  by  the  location  of  the  reaction  fuel 
tank,  oxidizer  tank,  or  both  tanks.  The  significant  advantages  of 
/  initiating  gas  generation  in  the  fuel  tank  rather  than  in  the  oxi¬ 

dizer  tank  with  a  common  ullage  manifold  are  summarized: 

1)  Process  gas  flow  direction  is  more  desirable; 

2)  Regenerative  cooling  capability  is  available; 

3)  Propellant  contamination  is  less  critical; 

4)  Propellant  tank  volumes  are  equalized. 

The  process  gas  flow  direction  is  important  in  a  common  ullage 
configuration  to  eliminate  possible  hazardous  reactions.  Since  the 
oxidizer  vapor  praaeure  is  IS  psia  higher  than  the. fuel  vapor  pres¬ 
sure,  there  will  be  a  tendency  for  to  flow  in  the  direction  of 

the  fuel  tank  with  the  possibility  of  en  undesirable  reaction.  If 
the  normal  pressurization  process  is  in  the  direction  of  the  oxi¬ 
dizer  tank,  this  situation  can  be  avoided  with  a  check  valve  or  iso¬ 
lation  valve.  The  possibility  of  using  a  single  tank  vent  and  relief 
valve  in  the  common  ullage  configuration  for  overpressure  protection 
also  depends  on  the  gas  flow  direction.  An  overpressure  condition 
can  only  occur  in  the  fuel  tank,  if  secondary  reactions  are  elimi¬ 
nated  in  the  oxidizer  tank.  Consequently  safe  venting  can  be  accom¬ 
plished  by  a  single  fuel  tank  vent  valve.  Double  protection  can  be 
provided  if  oxidizer  and  fuel  tank  vents  are  incorporated  in  a  sys- 
(  tem  designed  with  sufficient  flow  capacity  through  the  common  ullage 

manifold. 
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Fig,  II-7  Hybrid  MFI  Pressurization  System  with  Pneumatically  Pressurized 
Remote  Reagent  Storage  and  Evaporated  Propellant,  Pressure-Fed 
Engine 


Veil 
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Fig.  11-9  Turbopump  Bleed-Cro««feed  Injection  Syitem 
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Two  regenerative  cooling  techniques  were  considered  for  ullage 
gas  temperature  control.  The  common  ullage  line  passing  through 
the  fuel  would  give  a  simple,  desirable  temperature  control  method 
for  a  process  initiated  in  either  tank.  The  submersed  injection 
process  in  the  fuel  tank,  however,  would  be  more  advantageous  from 
both  a  cooling  end  gas  composition  standpoint  due  to  the  condensa¬ 
tion  of  certain  reactive  constituents.  Since  oxidizer  vaporization 
is  undesirable  from  a  molecular  weight  point  of  view,  its  regenera¬ 
tive  cooling  capability  would  not  be  exploited.  The  increase  in 
oxidizer  temperature  would  also  require  a  comparable  increase  in 
propellant  tank  pressure  to  achieve  the  same  NPSH  for  a  turbopump- 
pressurized  propellant  feed  system.  By  initiating  the  reaction 
process  in  the  fuel  tank,  the  formation  of  hydrocarbons  and  water 
may  be  less  critical.  A  review  of  possible  biproducts  resulting 
from  the  combustion  processes  indicates  that  many  are  fuel  soluble 
and  nonreacting  biproducts.  Water  in  the  fuel  system  will  not  form 
corrosive  fluids  as  it  would  in  the  oxidizer  tank.  Since  a  large 
ullage  volume  may  be  necessary  to  accommodate  Initial  pressure  re¬ 
sponse  requirements,  an  increase  in  fuel  tank  volume  would  tend  to 
equalize  both  propellant  tanks.  This  is  advantageous  in  that  manu¬ 
facturing  costs  would  be  reduced. 

Initiation  of  the  reaction  process  in  the  oxidizer  tank  does 
/  not  appear  attractive,  primarily  because  of  the  anticipated  diffi- 

'  culty  in  controlling  the  secondary  reaction  of  oxidizer  vapor  with 

fuel  vapors  for  a  common  ullage  system.  Some  reaction  of  ammonia 
with  nitrogen  tetroxide  is  anticipated  in  the  oxidizer  tank  with 
a  fuel  tank  common  ullage  system,  but  to  a  lesser  degree.  If  the 
secondary  reactions  csnnot  be  controlled,  a  cross  feed  injection 
system  could  be  developed.  This  system  has  been  considered  less 
desirable  due  to  the  increased  complexity  inherent  in  a  dual  in¬ 
jection  system  and  resultant  higher  pressurizing  gas  molecular 
weight . 

Mil  Pressurization  System  Evaluation  In.  the  injection  system 
evaluation  ten  techniques  for  process  initiation  and  continuation 
were  considered.  A  figure  of  merit  was  established  for  each  sys¬ 
tem  for  the  three  applications  under,  consideration  (booster  ,  sus- 
tainer,  and  space  vehicle)  by  the  following  impirical  formulas: 

Booster  E_  -  0.2  C  +  0.25  B  +  0.3H  0.25  R 

D 

Sustainer  Eg  -  0.1  C  +  0.35  W  +  0.25  D  +  0.3  R 
Space  Vehicle  Egv  -  0.05  C  +  0.4  W  +  0.15  D  +  0.4  R, 


( 
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where 


C  ■  relative  manufacturing  cost 
W  »  relative  weight 
D  ■  relative  development  difficulty 
R  =  relative  reliability 

The  results  of  this  study  indicated  the  systems  shown  in  Fig. 
11-5  and  11-6  to  be  the  most  promising  based  on  the  particular  com¬ 
mon  ullage  applications  considered.  The  optimum  system  for  any 
particular  application  would  depend  primarily  on  available  energy 
for  reagent  supply.  In  its  simplest  form,  for  booster  vehicle, 
the  Mil  Pressurization  System  would  consist  of  the  reagent  stored 
in  the  propellant  tank  and  metered  by  a  fixed  orifice  under  con¬ 
stant  turbopump  discharge  pressure.  The  gas  pressurized  propellant 
feed  system  may  require  an  external  pressure  supply  for  reagent  in¬ 
jection.  Since  the  turbopump  function  in  an  MTI  system  can  be  simu¬ 
lated  by  a  high-pressure  gas  source,  both  systems  would  then  be 
identical  except  for  the  injection  technique.  The  configuration 
has  been  simulated  in  the  Phase  III  demonstration  system  for  in¬ 
dividual  tank  reagent  injection  corresponding  to  the  system  shown 
in  Fig.  II -9. 

MTI  Pressurization  System  Design  -  A  primary  consideration  in 
the  initiation  of  an  MTI  Pressurization  System  design  is  the  lo¬ 
cation  of  the  injector  in  the  propellant  tank.  Surface,  submersed, 
and  floating  injector  configurations  have  been  evaluated  with  dis¬ 
tinct  performance  advantages  inherent  in  each  design.  In  high  pres¬ 
sure  applications  the  submersed  injector  offers  the  most  promise 
since  greater  capability  for  regenerative  cooling  of  the  combustion 
process  is  available.  The  surface  injector  system  avoids  the  dis¬ 
advantages  of  propellant  vapor  entrainment  and  vibration  of  the 
submersed  injector,  but  the  increasing  distance  to  the  prepeltent 
surface  and  higher  temperatures  associated  with  this  technique  may 
.be  undesirable  in  acme  cases,  the  floating  injector  avoids  both 
of  these  problems  but  presents  more  difficult  servicing  problems 
and  increases  the  complexity  of  the  design,  A  comprehensive  in¬ 
vestigation  of  the  problems  of  each  system  Indicated  any  of  the 
three  techniques  could  be  developed.  An  injector  adjacent  to  the 
propellant  tank  wall  (surface  or  submersed)  would  lend  Itself  to 
easiest  development  and  was  selected  for  evaluation  in  the  research 
test  program. 
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For  efficient  vehicle  design  precise  propellent  tank  pressure 
control  may  be  achieved  by  a  modulating  reagent  flow  system.  How¬ 
ever,  in  applications  where  reliability  is  a  primary  requirement 
an  orifice  system  would  generally  be  selected.  If  positive  shutoff 
and/or  restart  is  required  with  good  pressure  control,  and  on-off 
pulse-  or  modulating-type  injector  should  be  used.  Only  the  pulse- 
or  modulating-type  injector  may  be  considered  for  variable  thrust 
applications.  Regardless  of  the  type  of  injector,  it  must  be  sized 
for  the  maximum  reagent  flow  capacity  to  maintain  an  adequate  pro¬ 
pellant  tank  pressure.  Maximum  orifice  size  and  design  of  the  in¬ 
jector  will  be  influenced  by  response  requirements  dictated  by  the 
complete  system.  From  the  research  testing  performed,  proper  con¬ 
trol  of  the  reaction  process  was  influenced  greatly  by  the  ability 
to  obtain  a  good  solid  stream  of  injected  reagent,  particularly  in 
the  surface  injection  system. 

The  detailed  design  of  the  injector  requires  reagent  control 
at  the  injector  nozzle  to  eliminate  the  possibility  of  an  internal 
or  delayed  reaction.  Specific  characteristics  desired  would  be  a 
function  of  the  technique  used  in  reagent  supply  and  depend  on  the 
quantity  of  reagent  required.  System  response  requirements  will 
influence  the  method  of  actuation  in  a  pulse-type  system  with  sole¬ 
noid  motivation  probably  yielding  the  best  results.  A  review  of 
possible  configurations  indicated  that  an  external  gas  pressurized 
reagent  supply  would  be  moBt  desirable  with  control  by  a  pressure 
switch  that  senses  propellant  tank  internal  pressure.  Additional 
reagent  supply  systems  Included  motor  driven  pumps,  spring  or  gas 
loaded  bellows,  and  tubropump  bleed. 

Safe  operation  of  the  common  ullage  configuration  was  found  to 
be  particularly  difficult  due  to  the  presence  of  combustible  gases 
in  the  oxidizer  tank  when  N20^  was  used  as  the  reagent  in  the  fuel 

tank.  Although  the  cross  flow  gas  was  found  to  be  hypergolic  with 
the  oxidizer  vapors,  the  injection  below  the  oxidizer  surface  pro¬ 
vided  good  pressure  control.  Primary  difficulties  inherent  in  this 
configuration  are  vibrations  caused  by  this  subsurface  reaction, 
and  preventive  measures  required  to  eliminate  the  possibility  of 
the  reaction  progressing  to  the  hydrogen/oxygen  atmosphere  in  the 
tank  ullage.  Satisfactory  process  control  was  achieved  with  the 
small-scale  system  by  using  check  valves  with  the  hypergolic  pro¬ 
pellant  combination.  However,  for  larger  systems  a  differential 
pressure  switch  controlled  isolation  valve  is  recommended.  De¬ 
tailed  design  requirements  are  presented  in  Chap.  III.B.2. 
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3.  Materials  Study 


A  study  of  various  materials  pertinent  to  the  MT1  Pressurization 
System  was  made  to  establish  the  feasibility  of  the  conceived  sys¬ 
tems.  The  area  of  investigation  concerned  not  only  the  applicable 
propellants  and  possihle  reactants,  but  unique  methods  for  pressur¬ 
izing  the  reagents  and  withstanding  the  anticipated  high  temperature 
environment  due  to  the  reaction  process. 

Tank  Insulation  Materials  -  Reaction  temperatures  and  heat 
transfer  characteristics  in  the  surface  injection  process  at  high 
pressures  may  create  a  problem  in  certain  tank  configurations.  One 
solution  to  this  problem  is  the  use  of  an  insulating  liner  within 
the  tank.  For  optimum  performance  the  liner  should  be  light,  tem¬ 
perature  resistant,  have  a  low  heat  transfer  coefficient,  and  be 
compatible  and  nonabsorbent  to  the  fuel  or  oxidizer.  The  latter 
requirement  eliminates  all  brush,  spray,  or  trowel-on  insulations, 
unless  protected  by  a  suitable  coating.  Aluminum  foil  coating  is 
suggested  for  this  application. 

Optimum  design  for  such  a  system  would  be  a  sandwich  of  aluminum 
foil  insulation  and  structural  aluminum.  As  an  alternate,  the  in¬ 
sulation  could  be  brushed  or  bonded  on  with  foil  bonded  over  it. 

Lack  of  a  auitable  bonding  agent  presents  some  difficulty,  although 
bond  line  attack  by  the  fuel  blend  on  fluorosllicone  and  butyl- 
phenolic  adhesives  is  such  that  several  monthB  of  exposure  could 
be  tolerated  without  excessive  permeation  or  loss  of  adhesion. 

The  properties  of  three  of  the  more  promising  insulation  mate¬ 
rials  are  shown  in  Table  II-l.  Many  other  materials  are  available 
in  the  same  categories  with  roughly  comparable  properties.  Note 
that  Foam-Sil,  a  closed  cell  foamed  silica,  represents  the  only 
type  of  insulation  that  will  not  absorb  fuel  when  uncoated.  The 
physical  characteristics  of  this  material,  i.e.,  brittle,  possibil¬ 
ity  of  dusting  or  flaking,  and  the  necessity  of  bonding  it  in  piece, 
are  major  disadvantages.  . . 

Aluminum  foil  clad  cork  has  bean  used  extensively  as  an. insula*  - 

tion,  and  is  acceptable  for  use  in  splash  exposure.  No  attack  is _ 

expected  during  longer  exposure,  although  lab  data  are  not  yet  avail¬ 
able  to  verify  this.  However,  successful  application  here  depends 
on  no  absorption  of  the  fuel,  and  hence  on  the  effectivity  on  the 
bond  line  at  joints  in  the  foil. 
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Table  II-l  Propellant  Tank  Internal  .Insulation  Materials  * 


Materials 

Thermal  Conduc¬ 
tivity  (Btu/hr/ 
sq  ft/°F/ft) 

Density 
(lb/cu  ft) 

Application 

Chem-Seal  3810 
(Silica  filled 
silicone  resin) 

A1  foil  clad 

0.09 

62.8 

Brush-on,  bond  aluminum 
foil  directly  onto  un¬ 
cured  surface. 

A1  foil  clad  cork 

0.047 

30.7 

Bond -on  in  segments, 
bond  aluminum  foil 
over  cork. 

Foam-Sil 
(Closed  cell 
silica  foam) 

0.04 

13.6 

Bond -on  in  segments, 
no  cover  required. 

The  most  promising  of  the  three  types  of  insulation  is  the 
filled  silicone.  The  representative  material,  Chem-Seal  3810,  has 
a  lower  density  than  comparable  materials  due  to  the  use  of  the 
silica  microbal loons  as  a  filler.  A  further  weight  advantage  ac¬ 
crues  in  that  the  material  itself  bonds  to  the  aluminum,  avoiding 
the  use  of  a  separate  adhesive.  When  covered  with  aluminum  foil, 
this  material  should  exhibit  very  little  fuel  absorption  through 
the  foil  joint  bond  lines. 

Temperature  Resistant  Light  Metals  -  An  alternate  solution  to 
the  problem  of  excessive  tank  temperature  is  the  use  of  a  tank  mate¬ 
rial  capable  of  withstanding  the  expected  temperatures.  The  choice 
of  construction  materials  is  limited  by  compatibility  as  well  as 
weight  and  structural  requirements. 

Properties  of  the  most  promising  structural  materials  are  shown 
in  Table  IX-2.  Of  these,  the  titanium  alloys  offer  the  best 
strength /weight  ratio  in  the  applicable  temperature  rangey  thus  - 
negating  the  need  for  insulation. 

Titanium  also  exhibits  satisfactory  compatibility  characteris¬ 
tics  with  the  fuel  and  oxidieer.  Past  reports  concerning  the  vig¬ 
orous  reaction  of  nitrogen  tetroxide  with  titanium  are  based  on  the 
reaction  of  titanium  with  tetroxide  containing  appreciable  quantities 
of  water.  At  the  water  content  level  of  propellahE  grade  tetroxide, 
less  than  0.17.,  the  compatibility  is  very  good. 

Stainless  steel  alloys  have  a  slight  disadvantage  in  the 
strength/weight  ratio,  although  they  are  completely  acceptable  in 
other  respects. 
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Table  II-2  Characteristics  of  Structural  Hateriel.fi 

Used  in  Tarhc  ConStruc'ETon  “ . 


Density 

(lb/in.3) 

Modulus 

(tension) 

(lO^  psi) 

Compatibility 

Fabric ability 

Material 

UDMH/N2H4 

N2°4 

Form 

Held 

301  Stainless 

0.286 

29.0 

G 

G 

F 

G 

321  Stainless 

0.290 

29.0 

G 

G 

F 

G 

316  Stainless 

0.290 

29.0 

G 

G 

F 

G 

410  Stainless 

0.280 

29.0 

G 

NR 

F 

G 

420  Stainless 

0.280 

30.0 

G 

G 

F 

G 

17-7  PH  Stainless 

0.276 

29.0 

NR 

NR 

G 

F 

15-7  Mo  (RH  950) 

0.277 

30.0 

NR 

G 

G 

¥ 

T1-6A1-4V 

0.160 

15.8 

G 

G 

F 

F 

Ti-5Al-2.5Sn 

0.161 

16.5 

G 

G 

G 

G 

T1-13A-11V-3A1 

0.175 

14.8 

G 

NR 

E 

E 

Beryllium 

0.063 

37.0 

G 

G 

P 

VP 

Tantalum 

0.600 

29.0 

G 

G 

E 

FG 

Legend: 

E 

Excellent 

P 

Poor 

G 

Good 

VP 

Very  Poor 

F 

Fair 

NR 

Not  Recommended 

The  other  materials  discussed,  beryllium  and  tantalum,  suffer 
from  a  tremendous  cost  disadvantage.  In  addition,  beryllium  is 
difficult  to  form  and  weld.  These  two  materials  are  still  in  a 
developmental  stage. 

OnajEurther  approach  was  investigated.  A  composite  tank  wall 
constructed  of  a  thin  ratal  liner  with  a  plastic  outet  wrap  rein-  . 
forced  with  glass  fiber  offers  high  strength,  low  weight,  and  good 
temperature  resistance.  The  glass -reinforced  plastic  component 
exhibits  a  tensile  modulus  of  around  130,000  psi  at  a  density  of 
3 

0,06  lb/in.  An  aluminum  liner  might  possibly  be  used  for  this 
application.  Although  aluminum  is  not  sufficiently  heat  resistant 
to  withstand  excessive  operating  temperatures,  loss  of  the  liner 
through  local  melting  during  operation  would  not  result  ir  leakage 
since  the  plastic  vessel  itself  resists  propellants  for  a  short 
time.  Stainless  steel  or  titanium  liners  would,  of  suurse,  avoid 
this  possibility,  although  at  a  slight  weight  penalty. 
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Even  with  a  steel  or  titanium  liner  s  composite  density  of  about 

0.1  lb/in.3  can  be  expected.  However,  a  low  modulus  in  flexure 

(7  x  10  psi)  results  in  an  inherent  lack  of  stiffness,  requiring 
additional  material  to  provide  resistance  to  compressive  loads. 
Composite  tanks,  therefore,  are  less  advantageous  in  the  lower  pres¬ 
sure  ranges.  At  100  to  200  psig  this  approach  should  have  consider¬ 
able  advantage. 

Applicable  Propellants  -  The  literature  survey  revealed  that  the 
concept  of  propellant  tank  pressurization  by  an  in-tank  reaction  is 
also  applicable  to  other  than  the  nitrogen  tetroxide/UDMH-hydrazine 
combination  specifically  tested  under  this  contract.  For  example, 
the  combustion  of  RP-1  in  the  lox  tank  with  an  igniter  has  been 
considered  as  a  method  of  pressurization  the  lox-RP-1  system.  The 
disadvantage  of  nonhypergolic  propellants  is  that  they  require  an 
ignition  system.  They  can  however,  be  reacted  by  adding  small  quan¬ 
tities  of  pyrophorics,  such  as  pentaborane,  to  the  fuel  or  oxygen, 
or  adding  difluoride  to  the  oxidizer.  Hypergolic  systems,  such  as 
the  nitrogen  tetroxide  and  hydrazine-based  fuel,  are  ideally  suited 
to  MT1  pressurization  because  they  are  storable,  smooth  in  ignition 
and  burning,  and  stable  in  the  temperature  range  imposed  by  the  re¬ 
action.  Table  II-3  lists  some  of  the  more  common  storable  propel¬ 
lants  to  which  the  MTI  pressurization  system  1b  applicable. 


Table  II-3  Possible  Storable  Propellant  MTI  Systems 


Fuel 

Oxidizer 

Remarks 

Hydrazine  based  fuels 

N2°4 

Hypergolic 

(including  mixed  amines) 

CLF3 

Hypergolic 

(including  mixed  amines) 

H2°2 

Hypergolic 

(including  mixed  amines) 

RFNA 

Hypergolic 

(including  mixed  amines) 

BrFj 

Hypergolic 

(including  mixed  amines) 

b5h9 

Hypergol ic 

(including  mixed  amines) 

Cl  03  F 

Hypergolic  (semi-storable) 

Pentaborane 

H2°2 

Hypergolic 

Hydrocarbon  Fuels 

N2°4 

Ignitor  or  pyrophoric 
additive  required 

Hydrocarbon  Fuels 

H2°2 

Ignitor  or  pyrophoric 
additive  required 

Hydrocarbon  Fuels 

C1F3 

Hypergolic 
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Additional  Reagents  -  An  alternative  to  the  injection  of  one 
propellant  into  the  other  for  pressurization  is  the  use  of  a  re¬ 
actant  other  than  a  hypergolic  propellant.  Advantages  thatTnay  ac¬ 
crue  from  this  approach  are  an  increase  in  the  quantity  of  gaa 'pro¬ 
duced  per  pound  of  reactant,  the  possibility  of  selecting  reaction 
products  (by  choice  of  reactants)  with  more  desirable  properties, 
the  possibility  of  operating  at  lower  temperature  and  an  increase 
in  safety. 

Examples  of  potential  main  tank  reactant  pressurization  systems 
are  shown  in  Table  II -4.  Three  of  the  reactants  shown  are  nonhyper- 
golic,  acetaldehyde,  ammonium  carbonate,  and  ammonium  azide  solution. 
Reaction  rates  of  these  three,  however,  are  sufficient  to  accomplish 
the  desired  pressurization.  Should  a  more  rapid  response,  or  high 
temperature,  be  desirable  in  these  cases,  the  addition  of  small 
quantities  of  a  hydrazine-based  fuel  to  these  reactants  would  re¬ 
sult  in  a  hypergolic  reaction.  In  addition  to  the  listed  common 
reactants  the  new  high-energy  propellants  triethylamine,  airborne, 
and  hybaline  are  also  suitable  for  Mil  pressurization  process. 

Table  II-4  Main  Tank  Reaction  Reagents 


Gaa  Generation 

Gaa 

Average 

Molecular 

Weight 

Propellant 

Reagent 

Density 

(ib/n3) 

Products 

lb  gaa / 
lb  rea¬ 
gent 

cu  It  gas/ 
lb  reagent 

Reaction 

Temperature 

CP) 

v* 

Acetaldehyde 

85.5 

t:o{  j  no  /h2o 

6.9 

8.3 

250  to  300 

30 

V, 

Dimethyl  amine 

42.3 

CO2/N2/NO2/ 

H20 

6.4 

6.75 

300  to  500 

34 

"A 

Ammonium  carbonate 

99.6 

C02  j  N2  /  h20  j  NO 

1.9 

2.74 

200  to  250 

25 

NA 

Ammonium  azide  In 
wottr  20Z  ho lot  ion 

79. 1 

vw 

0.32 

1.14 

250  to  300 

21 

UDMH  / 

Sodium  Peroxide 

97.0 

H.Oh  /  NH,  /  C02 

0.8 

1 .07 

50  to  300 

27 

UDMH  j  N2H4 

Hydrogen  307. 

72.0 

co2/h2o/n2 

0.75 

1.12 

130  to  250 

24 

UDHH  j  NjH4 

Fentaborane 

39.6 

BN  (ao  1  Id)  +  Hj 

0.39 

7.0 

2100 

2 

UDMH  j  HjH4 

Nitrogen  tetroxide 

89.34 

2C02/CH4/3N2/ 

2.0 

3.43 

1300  to  2000 

21 

_ 

■  .  -n 

-  - 
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The  injection  of  acetaldehyde  of  citrne'tftyleffiiite  ‘ijTW"the''osrtdlsrer 
tank  offers  the  best  in  theoretical  reaction  performance.  The 
pentaborane  fuel  system,  with  hydrogen  produced  as  a  pressurizing 
gas,  has  the  unique  advantage  of  extremely  low  residual  weight  at 
mission  termination.  The  presence  of  solid  BN  in  the  fuel  is,  at 
present,  an  unknown  quantity.  Other  advantages  of  this  system  make 
it  worthy  of  investigation. 

Liquid  Pressurants  -  Aside  from  stored  gas  pressurization  sys¬ 
tems,  the  use  of  liquid  pressurants  can  bo  considered  for  pressur¬ 
ization  technique  has  the  advantage  of  high-density  storage  and 
self  pressurization.  Since  the  pressure  achieved  is  a  function  of 
the  liquid  temperature,  the  selection  of  such  an  additive  would 
depend  on  the  pressure  required  and  expected  operating  temperatures. 
Several  candidate  materials  are  shown  in  Table  11-5.  This  list  by 
no  means  exhausts  the  potential  of  the  liquid  pressurant  additive 
system. 


Table  II-5  Liquid  Pressurants 


Material 

Vapor 
Pressure 
at  70 °F 
(psig) 

Liquid 
Density 
(lb/cu  ft) 

Gas 

Molecular 

Weight 

Compatibility 

Cyanogen 

73.5 

55.3 

52 

Useful  in  both 

Chlorine 

Trifluoride 

21 

115 

92.5 

oxidizer  and  fuel; 
has  fuel  proper¬ 
ties 

Oxidizer  only 

Dimethylene 

72 

51.4 

48 

Fuel  only 

2  Methylpropane 

61 

38.1 

58 

Fuel  only 

Methyl  amine 

53 

48.6 

31 

Fuel  only 

Ammonia 

132  ’ 

51.6 

17 

Fuel  only 

Sulfur  Dioxide 

56 

90.4 

64 

Oxidizer  only 

Chlorine 

103 

200.3 

70.9 

Oxidizer  only 
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A  significant  advantage  of  the  "additive  system  over  conventioriSl 
stored  gee  systems  is  che  solubility  of  the  additive  in  the  propel¬ 
lant.  The  desired  pressure  level  can  be  maintained  throughout  the 
expulsion  cycle  without  over-pressure  at  the  start.  An  excellent 
example  of  this  is  the  ammonia-in-hydrazine  system.  Similar  systems, 
such  as  chlorine  trifluoride,  are  proposed  for  the  oxidizer,  al¬ 
though  the  solubility  and  vapor  pressure  parameters  have  not  yet 
been  thoroughly  investigated. 

4.  Laboratory  Experimentation 

Several  small-scale  experiments  were  performed  to  obtain  a 
better  understanding  of  the  anticipated  MT2  reactions.  This  in¬ 
formation  was  required  to  establish  basic  research  fixture  design 
and  identify  possible  operating  difficulties.  Two  basic  areas  were 
investigated;  the  hypergolic  reaction  process  when  liquids  are  mixed, 
and  the  interaction  of  propellant  vapors  with  combustion  products. 
Although  most  of  the  information  acquired  was  of  a  qualatative  na¬ 
ture,  some  of  the  tests  where  performance  was  measured  have  been 
included. 

The  availability  of  a  gas  generator  test  fixture  at  the  Cold 
Flow  Laboratory  permitted  an  early  investigation  of  possible  common 
ullage  manifold  problems.  A  photograph  of  the  test  setup  is  shown 
in  Fig.  11-10.  Test  data  are  plotted  in  Fig.  II -11  and  11-12.  The 
fuel-rich  combustion  products  from  the  gas  generator  were  passed 
through  a  cooler  end  gunk  trap  to  simulate  the  anticipated  conditions 
of  the  gas  entering  a  propellant  tank.  The  gases  were  then  injected 
into  a  container  filled  with  nitrogen  tetroxide  which  was  located 
inside  of  the  horizontal  barrel  in  the  foreground  of  Fig.  II -10. 

Two  30-sec  tests  were  performed  with  surface  and  submersed  impinge¬ 
ment,  In  both  cases  a  considerable  amount  of  reddish-brown  smoke 
was  generated,  indicating  that  a  fair  amount  of  reaction  occurred, 

A  white  precipatate  was  noticed  in  the  first  teat.  There  was  no 
evidence  of  a  high  temperature  reaction  during  either  test. 

Since  a  substantial  portion  of  the  pressurizing  gas  formed  in 
the  fuel  task  was  expected  to  contain  fuel  vapors,  several  addi* 
tional  experiments  were  performed  with  laboratory  apparatus.  The 
reaction  of  the  propellant  vapors  was  first  studied  by  joining;  two 
glass  flasks  with  a  tube  to  observe  common  ullage  reactions  without 
isolation  of  the  two  hypergolic  propellants.  As  the  vapora  were- 
allowed  to  mix  a  reaction  did  occur  and  a  substantial  quantity  of 
a  white  gas  formed.  Although  the  reaction  did  not  destroy  the  test 
system,  further  definition  of  the  magnitude  was  not  warranted  due 
to  the  uncertainty  involved  in  a  practical  application.  Therefore, 
the  requirement  for  an  isolation  valve  in  the  system  was  established. 
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Additional  experiments  were  performed  to  determine  ‘if  thr  prh- 
pellant  vapors  could  be  conditioned  to  eliminate  the  reactive  con- 
stituents.  This  testing  was  performed  by  heating  a  flask  filled 
with  the  50/50  blend  of  UDMH  end  hydrazine  end  discharging  the 
vapors  through  a  filter  into  a  beaker  containing  nitrogen  tetroxide. 
The  various  test  filters  consisted  of  the  following  materials: 

1)  CrO^  +  CaCO^  +  C  activated; 

2)  CuO  +  glass  wool  +  zeolite  4-A; 

3)  CrO^  +  CaCOj  +  zeolite  4-A; 

4)  Cr03  +  CaC03  +  zeolite  +  KMNO^. 

The  calcium  carbonate  (CaC03)  was  primarily  used  to  absorb  any 

condensed  fuel  and  also  provide  a  gas  flow  path  through  the  pow¬ 
dered  chromium  trioxide  (Cr03).  The  activated  carbon  and  zeolite 

filters  were  used  to  absorb  the  reactive  vapors.  Zeolite  4-A  is 
a  molecular  sieve  commonly  used  for  ammonia  absorption  while  CuO 
acts  as  a  catalyst  to  decompose  hydrocarbons  to  nonreactive  elements. 
Chromium  trioxide  was  found  to  be  readily  reactive  with  the  propel¬ 
lant  vapors,  but  a  substantial  quantity  would  be  required  to  obtain 
satisfactory  neutralization  of  the  pressurizing  gas  based  on  the 
following  anticipated  reaction: 

15  Cr03  +  15  N2Ha  +  8  (CH3) 15  CrO  +  30  H20  +  16  CH4  +  23  N2< 

When  potassium  permanganate  was  added  to  the  filter  system  the 
reaction  was  sufficiently  violent  to  produce  a  flame  that  would 
be  undesirable  due  to  the  possibility  of  detonating  hydrogen  in 
the  oxidizer-rich  atmosphere.  Filters  (1)  and  a  combination  of 
(2)  and  (3)  were  subsequently  tested  in  the  research  fixture  with 
only  moderate  success  as  a  result  of  this  experimentation. 

Several  open  beaker  laboratory  experiments  were  also  perfeeaed 
to  study  the  reaction  of  the  hypergolic  liquids.  This  experiment 
was  primarily  qualitative  in  nature.  Some  of  the  test  date  are 
shown  in  Fig.  11-13  for  the  reaction  of  nitrogen  tetroxide  injected 
into  a  beaker  of  fuel.  Stable  combustion  waa  obtained  with  fairly 
low  liquid  bulk  temperatures.  A  slight  increase  in  fuel  temperature 
occurred  when  the  Injection  velocity  or  mesa  flow  was  increased. 

The  nature  of  the  reaction  process  waa  determined  to  be  a  function 
of  the  injection  technique  for  the  surface  injection  process.  From 
the  investigation  performed  a  need  for  adequate  reagent  filtration 
and  inert  blanket  pressurization  became  apparent.  Additional  liquid 
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reaction  tests  were  performed  in  a  closed  system  to' determine  re¬ 
action  rates.  A  small-scale  %  cu  ft  spherical  tank  was  used  for 
this  purpose  with  various  quantities  of  oxidizer  injected  into  a 
fixed  volume  of  fuel.  The  results  shown  in  Fig.  11-14  and  IJ-15 
provided  basic  thermal  data  and  requirements  for  overpressure  pro¬ 
tection. 

5.  Theoretical  Studies 


An  early  investigation  of  previous  methods  of  predicting  pres¬ 
surization  system  performance  indicated  a  thorough  description  of 
the  MTI  process  could  not  be  obtained  with  existing  computer  pro¬ 
grams.  Primary  factors  involved  were  the  lack  of  a  combustion  zone 
in  the  primary  tank  (the  reaction  process  was  assumed  external  to 
the  tank) ,  and  the  gas  entering  the  tank  was  at  the  combustion 
temperature  for  any  given  pressure  and  reaction  mixture  ratio. 

The  entering  gas  characteristics  were  determined  by  a  separate 
thermochemical  computer  program  based  on  a  shifting  equilibrium 
calculation  for  complete  combustion.  Since  a  better  definition 
of  the  reaction  process  and  internal  heat  transfer  were  required, 
in  addition  to  common  ullage  capability,  a  new  computer  program 
was  desired.  The  initial  attempt  at  a  process  description  was 
programed  on  the  IBM  1620  computer,  baaed  on  the  results  of  early 
investigations  of  the  pressurization  phenomens .  To  identify  the 
most  significant  factors  involved  in  the  process  an  investigation 
of  reaction  kinetics,  combustion  products,  physical  properties, 
and  secondary  reactions  was  made. 

A  survey  of  existing  literature  concerning  the  physical  aspects 
of  the  hypergolic  reaction  inherent  in  the  MTI  process  indicated 
only  a  very  small  amount  of  information  was  available.  To  identify 
the  process  characteristics  in  the  analytical  model  the  knowledge 
gained  from  the  laboratory  experimentation  was  used.  One  of  the 
basic  difficulties  in  defining  the  reaction  process  is  in  deter- 
ming  or  establishing  the  reaction  mixture  ratio.  Early  experiments 
showed  that  the  reaction  depended  on  the  mixing  technique,  thus  - 
early  theoretical  studies  were  performed  over  a range  of  reaction 
mixture  ratios.  Liter  test  data  identified  the  apparent  sheet ion 
mixture  ratio  for  several  injection  techniques.  The  capability 
for  altering  the  reaction,  and  hence  the  combustion  product  compo¬ 
sition,  was  a  major  consideration  of  the  early  research  testing 
to  obtain  a  lightweight  pressurizing  gas  compatible  with  the  hyper¬ 
golic  propellants.  In  addition  to  identifying  chemical  aaSpofltion 
and  quantity  of  the  resultant  blproducta,  the  high  temperature  zone 
was  undefined.  Approximations  were,  consequently,  based  on  the 
results  of  the  laboratory  experiments  performed  and  later  described 
by  derived  empirical  relationships. 
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Theoretical  Combustion  Products  -  The  calculation  of  system 
operating  characteristics  first  required  a  definition  of  the  pres¬ 
surizing  gas.  In  lieu  of  any  actual  gas  analysis  data  the  theoret¬ 
ical  composition  and  thermodynamic  properties  of  the  combustion 
products  resulting  from  the  reaction  of  nitrogen  tetroxide  and  a 
50-50  blend  of  UDMH  and  hydrogen  were  computed  by  an  existing  rocket 
engine  performance  program.  Due  to  the  unknown  reaction  mixture 
ratio,  data  were  accumulated  over  the  entire  anticipated  range. 

From  this  information  the  physical  properties  of  the  gas  mixture 
were  determined  for  the  expected  range  in  operating  temperature 
based  on  no  additional  reactions  occurring.  These  early  data  plus 
literature  references  have  shown  that  combustion  product  composition 
cannot  be  predicted  accurately  for  extreme  reaction  mixture  ratios 
or  for  cases  of  incomplete  combustion.  The  results,  however,  are 
included  to  show  expected  trends  and  provide  a  comparison  with  the 
actual  test  data  compiled. 

The  molecular  weight  of  the  combustion  products  is  shown  as 
a  function  of  mixture  ratio  and  pressure  in  Fig.  11-16.  At  35  psia 
a  reaction  mixture  ratio  of  approximately  0.7  is  required  for  a 
gas  molecular  weight  of  15,  with  a  minimum  of  11.4  occurring  at  a 
mixture  ratio  of  0.1.  The  expected  reaction  temperatures  are  plot¬ 
ted  in  Fig.  11-17.  Due  to  the  increase  in  temperature  associated 
with  oxidizer-rich  reactions,  the  resultant  gas  density  becomes  a 
minimum  at  a  mixture  ratio  of  approximately  1.2  even  though  a  higher 
molecular  weight  gas  is  generated.  This  trend  is  shown  in  Fig. 
11-18.  The  specific  heat  and  specific  heat  ratio  are  shown  in  FJ  .. 
11-19  and  11-20,  respectively.  Based  on  a  reaction  mixture  of  0.1 
the  physical  properties  of  the  gas  were  computed  for  a  temperature 
range  of  100  to  2,000°F  and  are  shown  in  Fig.  11-21.  A  comparison 
can  be  made  with  the  physical  properties  of  a  liquid  propellant  gas 
generator  included  in  Fig.  11-22.  The  molecular  weight  of  the  com¬ 
bustion  products  of  a  gas  generator  operating  at  an  apparent  mixture 
ratio  of  0.1  has  been  determined  by  test  to  be  approximately  16.0. 
From  the  theoretical  data  a  molecular  weight  of  approximately  14 
was  expected.  The  possiblity  of  incomplete  combustion  or  an  actual 
higher  reaction  mixture  ratio  may  explain  this  slight  discrepancy. 
The  physical  property  data  were  baaed  on  the  theoretical  gas  com¬ 
position  data  shown  in  the  following  tabulation. 
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Constituent 

Mole  Fraction 

Mixture  Ratio  "0,1 

Mixture  Ratio  -  2.0 

N2 

0.2595 

0.3286 

h2 

0.5577 

0.0753 

h2o 

0.01 

0.3608 

CH4 

0.0508 

- 

CO 

0.0339 

- 

co2 

- 

0.0472 

OH 

- 

0.0419 

The  values  in  the  tabulation  ere  based  on  complete  combustion. 
Actual  gas  analyses  conducted  during  gas  generator  testing  have 
Indicated  the  actual  process  is  represented  more  closely  by  the 
following  equation: 

N204  +  3CH6N2— *-2NH3  +  4H2  +  3N2  +  CH4  +  2C02> 

The  presence  of  ammonia  in  the  above  reaction  is  a  significant 
factor,  since  an  additional  reaction  with  nitrogen  tetroxide  is 
possible. 


4NH,  +  2N_0.  — ►6H„0  +  3N.,  +  2N0. 

This  reaction  was  studied  and  the  results  are  shown  in  Fig.  11-23. 
The  result  of  this  secondary  reaction  would  be  a  small  increase 
in  the  gas  temperature  in  the  oxidizer  tank  and  reduction  in  the 
amount  of  combustion  products  required.  Some  additional  ammonia 
will  also  be  formed  by  the  local  decomposition  of  hydrazine  as 
follows: 


3N2H4 — ►4NH3  +  N2. 

Although  the  decomposition  of  hydrazine  and  dimazine  (UDMH)  was 
established,  little  information  is  available  on  the  50/30  mix. 

The  presence  of  UDMH,  however,  tends  to  stablize  the  hydrazine  with 
a  resultant  decrease  in  decomposition  and  increase  in  autolgnltion 
temperature.  The  limiting  temperature  of  the  ullage  gas  is  approx¬ 
imately  1400 #F  with  less  than  a  17.  decomposition  of  hydrazine  ex¬ 
pected.  A  liquid  temperature  of  1400°F  is  also  the  autoignition 
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temperature  of  the  fuel.  The  additional  propellant  and  vapor  proper¬ 
ties  required  for  the  thermodynamic  analysis  of  the  MTI  system  were 
obtained  from  documents  listed  in  the  bibliography. 

Predicted  Performance  -  MTI  pressurization  system  performance 
was  predicted  by  a  special  program  formulated  for  the  IBM  1620 
computer.  Because  of  the  limited  storage  space  available  with  this 
machine,  only  a  single  tank  mathematical  model  could  be  developed. 
This  program  provided  for  gas  generation  by  a  combustion  process 
occurring  in  the  tank  liquid  when  a  hypergolic  reagent  is  injected 
on  pressure  demand.  A  detailed  description  of  the  analytical  tech¬ 
nique  is  contained  in  Appendix  C.  Because  of  the  initial  lack  of 
information  on  the  primary  reaction  the  predicted  performance  was 
not  representative  of  the  actual  process  since  a  significantly 
greater  amount  of  reagent  was  used.  The  increase  in  reagent  con¬ 
sumption  resulted  from  a  decrease  in  gaseous  combustion  products 
due  to  the  quantity  of  condensibles  formed.  More  precise  theoreti¬ 
cal  performance  was  obtained  with  a  larger  IBM  7094  MTI  mathematical 
model  and  is  discussed  in  Chap.  III. A. 3.  The  data  generated  with 
the  abbreviated  version  is  presented  to  show  the  original  basis  for 
system  design  and  expected  influence  of  heat  capacity  and  volume 
of  various  systems. 

A  parametric  study  of  theoretical  MTI  pressurization  system 

■  performance  was  made  for  the  range  of  process  conditions  anticipa¬ 

ted.  Since  the  small  computer  program  could  not  analyze  the  common 
ullage  8ystem  configuration,  primary  tank  conditions  were  estab¬ 
lished  by  incorporating  a  conservative  60%  gas  bleed  estimate  to 
simulate  the  additional  gas  required  for  the  pressurization  of 
the  second  tank.  A  prediction  of  reagent  used,  tank  wall  tempera¬ 
ture,  and  ullage  gas  temperatures  for  a  single  tank  Phase  I  research 
fixture  test  are  shown  in  Fig.  11-24.  These  results  indicate  rel¬ 
atively  moderate  temperatures  were  expected  over  the  planned  range 
in  test  pressures.  This  tank  has  the  30%  ullage  volume  initially 
pressurized  with  nitrogen  end.no  gas  bleed.  Figure  11-25  compares 
theoretical  end  actual  data  obtained  with  the  5%  initial  ullage 
pressurized  with  helium.  Figure  11-26  shows  the  expected  tempera¬ 
ture  increase  due  to  a  60%  gas  bleed  with  a  comparison  of  a  fuel 
tank  reaction  and  oxidizer  tank  reaction  for  36  psia  at  the  assumed 
reaction  mixture  ratios.  The  total  weight  of  pressurizing  gas 
obtained  shows  that  approximately  a  50%  weight  saving  can  be  ob¬ 
tained  by  a  fuel  tank  MTI  pressurization  system  if  the  amount  of 
condensibles  formed  is  neglected.  A  prediction  of  the  expected 
temperature  and  pressure  during  a  150-sec  propellant  expulsion  is 
shown  in  Fig.  11-27  for  a  reaction  mixture  ratio  of  0.1  at  36  psia. 
The  actual  gas  temperature  and  reagent  consumption  were  signifi¬ 
cantly  higher  due  to  the  amount  of  condensed  combustion  products 
formed  and  higher  reaction  mixture  ratio  experienced. 

c 
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The  Phase  III  279  cu  ft  tankage  was  also  thermodynamically 
analyzed.  The  results  are  shown  in  Fig.  11-28  and  11-29,  as  deter¬ 
mined  by  the  abbreviated  mathematical  model.  The  30%  ullage  volume 
in  the  fuel  tank  was  initially  pressurized  with  helium.  Calcula¬ 
tions  were  also  performed  with  nitrogen  initial  pressurization. 
However,  the  ullage  gas  temperature  did  not  reduce  significantly 
as  a  result  of  the  higher  heat  capacity  of  the  gas.  The  lower  heat 
capacity  of  the  full-scale  system  is  seen  by  comparing  the  tank 
wall  temperatures  in  Fig.  11-26  and  11-28.  The  high  fuel  tank  wall 
temperatures  predicted  with  a  60%  gas  bleed  gave  rise  to  a  study 
of  possible  temperature  control  techniques.  Further  analysis  of 
actual  operating  characteristics  of  the  system  operating  at  low 
pressures  indicated  adequate  capability  of  the  thin  wall  full- 
scale  aluminum  tankage.  Figure  11-29  shows  the  moderate  tempera¬ 
tures  and  reagent  consumption  originally  predicted  during  a  150-sec 
run  at  36  psia  with  a  reaction  mixture  ratio  of  0.1  for  a  single 
tank  and  no  gas  bleed.  Ho  comparison  with  actual  data  obtained 
was  attempted  since  a  more  detailed  examination  was  accomplished 
later  with  the  IBM  7094  computer  program. 

Since  the  early  studies  performed  with  the  single  tank  computer 
program  gave  on  indication  of  secondary  tank  requirements,  the 
effect  on  the  primary  tank  with  an  increase  in  gas  flow  could  only 
be  estimated.  As  further  definition  of  the  primary  reaction  was 
established  and  confidence  gained  in  the  theoretical  technique, 
the  effort  was  directed  at  expanding  the  program  to  analyze  the 
common  ullage  two-tank  system.  Since  each  tank  could  not  be 
thoroughly  analyzed  because  of  the  limited  capacity  of  the  IBM  1620 
computer  an  abbreviated  version  was  attempted.  Effort  on  a  larger 
capacity  IBM  7094  program  was  not  considered  feasible  at  this  time 
because  of  unknown  secondary  reaction  characteristics.  In  the  ab¬ 
breviated  two-tank  program,  the  primary  tank  process  description 
is  reduced  to  accommodate  a  more  thorough  examination  of  the  thermo¬ 
dynamic  characteristics  of  the  secondary  tank.  To  reduce  the  size 
of  the  program  and  minimize  the  number  of  single  tank  computer  runs 
required,  the  computation  of  secondary  tank  conditions  was  based 
on  anticipated  conditions  in  the  primary  tank.  After  severe!  re¬ 
visions  to  the  program,  the  data  generated- by  this  simplified  tech¬ 
nique  were  still  unsatisfactory  and  further  effort  was  cancelled. 
From  the  experience  gained  from  the  formulation  of  the  first  two 
small  computer  programs  a  larger  version  was  prepared  on  the  IBM 
7094  computer.  Using  the  additional  capacity  available  with  this 
machine,  most  of  the  basic  equations  from  the  early  programs  were 
used  with  additional  detail  added. 
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Fig.  11-24  Theoretical  Phase  I  Operating  Preeeure  Effects  on  the 
Fuel  Teak  Injection  Process 
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6.  Applications  Study 


The  identification  o£  the  most  promising  MTI  pressurization 
system  applications  has  been  achieved  by  a  combination  of  two 
theoretical  studies.  The  purpose  of  the  first  study  was  to  es¬ 
tablish  optimum  propellant  system  operating  pressures  for  turbo¬ 
pump  or  gas-pressurized  systems,  based  on  total  propulsion  system 
weight.  The  second  study  is  a  weight  analysis  of  stored  gas, 
gas  generator ,  and  MTI  pressurization  systems  to  determine  the 
most  efficient  use  of  each  system  as  a  function  of  pressurizing 
capacity.  Both  studies  investigate  a  range  in  total  Impulse  and 
thrust  for  various  propellant  tank  pressures. 

Propulsion  System  Optimization  -  A  propulsion  system  weight 
analysis  was  made  to  determine  optimum  propellant  tank  pressures 
for  various  size  missiles  over  a  range  of  engine  thrust.  This 
study  was  required  to  establish  the  probable  operating  pressures 
of  future  MTI  pressurization  systems.  A  small  computer  program, 
described  in  App  A,  was  developed  for  this  purpose . 

This  program  calculates  the  propulsion  system  weight  for  a 
storable  bipropellant  system  with  spherical  aluminum  tankage  and 
a  regeneratively-cooled  gimbaled  engine,  A  stored-gas  helium 
pressurization  system  wsb  selected  for  this  study  because  actual 
hardware  weight  information  was  readily  available.  Since  the 
pressurization  system  weight  is  generally  less  than  10%  of  the 
vehicle  dry  weight,  the  effects  of  propellant  tank  weight  vs 
engine  weight  are  the  most  important  factors  in  establishing 
optimum  tank  pressures.  (The  selection  of  the  lowest  weight 
pressurization  system  was  determined  by  a  separate  study.) 

This  study  showed  that  for  the  large  tank  booster  applica¬ 
tions,  a  low  propellant  tank  pressure  (33  pels)  is  required  to 
reduce  tank  weight.  The  engine  else  la  then  raduced  by  using 
a  turbopump  to  increase  combustion  chamber  pressure.  For  smeller 
■ys terns,  ••  requited  by  apace  misaione,  analyst*  of  both  turbo - 
pump  and  gaaptassurlzed  propellant  feed  systems  it  required  to 
determine  tha  lowest  propulsion  system  weight.  The  region  of 
most  efficient  use  of  each  system  has  been  identified  as  e  func¬ 
tion  of  thruat  end  mission  duration.  The  long-duration  low-thrust 
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missions  are  most  efficiently  accomplished  by  gas-pressurized 
propellant  feed  systems  in  the  100  to  200  psia  range,  while 
higher  thrust  applications  require  use  of  a  turbopump,  This 
study  was  accomplished  by  comparing  weights  of  a  turbopump- 
pressurised  engine  (P  -  500  psia)  and  an  optimum  gas  pressur¬ 
ized  propulsion  system. 

The  optimum  gas-pressurized  propellant  feed  system  was  de¬ 
termined  from  plots  of  engine  chamber  pressures  vs  total  pro¬ 
pellant  system  weight  for  a  thrust  range  of  1,000  to  50,000  lb,, 

5  6  * 

tnd  total  impulse  of  2  x  10  to  5  x  10  lbf-sec,  The  optimum 

engine  chamber  pressure  was  determined  for  each  application  and 
the  results  are  summarized  in  Fig.  11-30  .  The  figure  shows  that 
the  optimum  engine  chamber  pressure  decreases  with  an  increase  in 
vehicle  size  and  thrust,  The  weight  of  each  system  correspond¬ 
ing  to  the  optimum  chamber  pressure  was  compared  to  the  turbopump 
system.  The  data  show  that  the  turbopump  system  becomes  more 
competitive  as  the  tankage  becomes  larger.  The  break-even  size 

occurred  at  a  total  impulse  of  1  x  106  lbf  sec  where  the  pressure- 

feed  system  is  better  at  low  thrusts  due  to  the  small  engine  size 
(less  than  3000  ibf).  However,  a  intermediate  thrust  levels  the 

turbopump  system  is  lighter  since  the  engine  requires  a  high 
chamber  pressure  for  minimum  weight.  The  gaa-preBaurized  system 
again  appears  more  attractive  for  the  high-thrust  applications, 
since  the  size  of  the  turbopump  becomes  excessively  large  due  to 
the  high  mass  flowrates.  The  latter  application  la,  however, 
unrealistic  since  it  represents  a  region  of  operation  not  com¬ 
monly  encountered  (less  than  35  set). 

As  the  vehicle  Increases  in  size  beyond  a  total  Impulse  of 
2  x  106  lbf-eec,  the  turbopump  syetem  becomes  even  more  effici¬ 
ent.  Figure  11-31  shows  the  regions  of  most  efficient  application 
of  pump  pressurized  propulsion  systems.  The  use  o£  *  gas  pres¬ 
surization  system  is  limited  to  s  fairly  narrow  regidn  where  low- 
pressure  operation  la  predominant.  Since  a  greater  range  in 
missions  can  be  efficiently  accompliahed  by  using  a  pump- 
pressurised  propellent  feed  syetem,  the  importance  of  developing 
high-performance  low-pressure  pressurization  ays terns  is  evident; 
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Pressurization  System  Optimization  -  The  spectrum  of  liquid 
rocket  vehicle  missions  was  explored  to  determine  the  appropriate 
region(s)  where  an  MT1  propellant  tank  pressurization  system 
becomes  desirable.  Pressurization  systems  considered  representa¬ 
tive  of  current  practice  include: 

1)  Stored  gas  system  (heated  and  unheated); 

2)  Gas  generator  system  (precooled  fuel  rich  gas  prod¬ 
ucts); 

3)  MTI  (primary  reaction  in  the  fuel  tank). 

The  three  aystems  were  evaluated  on  a  weight  basis  with 
other  factors,  such  as  reliability,  compatibility,  complexity, 
and  cost.  The  various  applications  considered  are: 

1)  Case  1  --  boost  vehicles; 

2)  Cases  II  and  III  --  suatainer  or  upper  stage  vehicles; 

3)  Cases  IV  and  V  --  limited  space  vehicles  (1  to  30 
days  In  space); 

4)  Cases  VI  and  VII  --  deep  space  vehicles  (30  and  730 
days  In  space). 

The  following  tabulation  shows  the  range  of  important  param¬ 
eters  investigated. 


Cam*  | 

1 

11 

111 

IV 

V 

Vt 

Vll 

Total  Impulse  ^Ib^/sec  x  10*?  ^ 

3  to  10 

2  to  5 

2  to  5 

2  to  5 

2  to  5 

0.1  to  2 

0. 1  to  2 

Thrust  x  10 

1  to  10 

0.1  to  1 

0.1  to  l 

0.L  to  1 

0.1  to  1 

0.005  to  0.5 

0.005  to  0.5 

Eng Ira  Fesd  8yst*m 

Pump 

Pump 

Pressure 

Pump 

Pressure 

Pressure 

Pressure 

Tank  Praaiura  (psla) 

20  to  50 

20  to  50 

LOO  to  300 

20  to  50 

100  to  300 

100  to  300 

100  to  300 

Eng In*  Nottle  Area  Ratio 

8 

12 

12 

12 

12 

40 

40 

Engine  Combustion  Frcaaura  (psla) 

750 

750 

V50 

750 

Pt-50 

Pt-S0 

Pt-50 

Engine  Discharge  Pressure  (p>U) 

4 

1.5 

1.0 

L 

1 

Vacuum 

Vacuum 

Engine  Mixture  Ratio 

1.9 

2 

2 

2 

2 

2 

2 

8pace  Storage  (days) 

0 

0 

0 

1  to  30 

l  to  30 

30 

[  730 
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A  generalized  digital  computer  program  was  specifically  con¬ 
structed  to  compute  pertinent  weight  data.  Separate  programs 
were  formulated  for  the  stored  gas  and  the  MIX  and  gas  generator 
pressurication  systems,  These  programs  have  been  simplified  to 
facilitate  a  direct  comparison  of  the  various  pressurization  sys¬ 
tems  under  investigation.  Some  of  the  basic  assumptions  are  in¬ 
cluded  in  the  general  program  description  contained  in  App  B. 

The  heat  transfer  that  affects  tank  vail  temperatures  is  assumed 
comparable  for  each  system  with  ullage  gas  temperatures  coincident 
with  propellant  bulk  temperature  for  space  applications. 

The  weights  of  various  stored  gas  pressurization  systems  were 
determined  for  heated  and  unheated  helium  or  nitrogen  gases. 

This  study  indicates  that  the  storage  container  volume  required 

for  unheated  large  systems  (lt  greater  than  10  x  105  lb^-sec^ 

imposes  a  severe  weight  penalty  for  both  pressurants.  This  is 
due  primarily  to  the  inefficient  ambient  storage  aasumed  and  gas 
cooling  resulting  from  large  expansion  ratios,  The  heated  Bys¬ 
tems  reduce  this  weight  penalty  significantly  for  large  vehicles, 
but  can  only  be  used  efficiently  for  space-type  applications. 

The  amount  of  heat  added  for  this  application  is  just  sufficient 
for  cancellation  of  the  temperature  reduction  due  to  gas  expan¬ 
sion  from  the  storage  container. 

An  important  consideration  for  gas  storage  pressurization 
systems  is  system  leakage  because  of  the  high  initial  storage 
pressures.  However,  for  the  relatively  leaktight  systems  in¬ 
vestigated,  the  net  leakage  occurring  during  the  space  storage 
times  up  to  24  months  has  an  insignificant  effect  on  the  total 
weight  penalty.  This  results  from  the  superior  leakproof  de¬ 
signs  accepted  for  this  study.  To  consider  the  effects  of  valve 
leakage  degradation,  from  the  operating  life  cycle,  space  en¬ 
vironment  influences,  or  contamination,  accelerated  system  leak¬ 
ages  of  10  and  20  times  normal  were  examined.  These,  too,  had 

a  negligible  effect  for  the  large  else  vehicle  (20  x  10®  lb^-secj 

However,  for  the  smaller  size  vehicle  (lx  10®  lb^-sec^,  an 

approximate  8-lb  weight  penalty  per  tenfold  leakage  increase 
was  observed  for  the  24-month  space  storage  time,  with  a  negli¬ 
gible  effect  for  the  one-month  period. 
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The  weights  of  the  MTI  and  gas  generator  pressurization  systems 
were  also  investigated  for  the  same  applications.  Figures  11-32 
and  11-33  compare  the  weights  of  MTI  with  gas  generator  systems, 
for  pump-feed  systems  of  relatively  large  total  impulse  capacity 
(Cases  I  and  11).  These  figures  show  that  the  MTI  system  has 
some  weight  advantages  (20  to  150  lb,  or  16  to  22%)  over  the  gas 
generator  system.  It  is  highly  probable,  however,  that  factors 
other  than  weight  considerations  will  govern  system  selection 
since  the  weight  influences  on  vehicle  performance  ar»  less  se¬ 
vere  for  the  lower  stages.  The  results  for  upper  stage  vehicles 
(Fig.  11-34,  Case  III)  show  a  greater  weight  advantage  for  the  MTI 
system,  100  to  800  lb,  or  30  to  45%.  This  is  because  for  the 
pressure-feed  systems,  a  greater  influence  of  the  somewhat  lighter 
MTI  gas  products  is  exhibited  due  to  the  larger  amount  of  gas 
required.  For  Bpace  storage  applications,  the  weight  differences 
between  both  systems  again  become  less  significant  because  gas 
temperatures  cool  to  530 “R  in  both  systems.  Consequently  the 
major  weight  variations  result  from  minor  differences  in  hard¬ 
ware  and  accessories,  and  from  the  oxidizer  tank  pressurant  gas 
consumption.  The  MTI  system  has  weight  advantages  of  5  to  20% 
for  this  application  (Fig.  11-35  thru  11-37). 

The  weight  advantages  of  MTI  over  the  gas  generator  system 
is  primarily  a  function  of  the  specific  application;  only  for 
pressure-feed  upper  stage  vehicles  do  these  specific  advantages 
become  significant  (over  25%).  Large  total  impulse,  pressure- 
feed  space  vehicles  also  benefit  from  the  use  of  MTI  pressuriza¬ 
tion,  Although  less  than  25%,  savings  exceed  500  lb  at  the 
maximum  tank  pressurization. 

The  stored  gas  pressurization  system  has  also  been  compared 
with  the  MTI  system  over  the  three  basic  operating  regions  to 
determine  quantitatively  the  region  of  applicability  of  MTI 
pressurization.  The  first  region  Investigated  was  booster  and 
sustainer  vehicles,  both  pump  and  pressure  feed  engines.  This 
region  is  characteristic  of  a  nonenvironment  cooled  operating 
system,  end  consequently  the  maximum  advantages  of  the  hot  gas 
products  of  the  MTI  (and  for  that  matter  the  gas  generator  sys¬ 
tem)  is  achieved.  As  expected  the  MTI  system  reflected  signifi¬ 
cant  weight  advantages.  This  Is  illustrated  in  Fig.  11-38  where 
weight  penalty  savings  from  70  to  1100  lb  or  40%  to  60%  are  in¬ 
volved.  These  savings  are  based  on  a  fuel  tank  molecular  weight 
of  15,  and  a  varying  fuel  tank  gas  temperature  of  850  to  1000*R. 
Obviously  this  advantage  will  be  reduced  if  the  resultant  molec¬ 
ular  weight  Increases  or  gas  temperature  decreases.  To  evaluate 
the  influence  of  molecular  weight,  successive  molecular  weight 
Increases  to  22  were  examined,  and  the  change  In  total  weight 
penalty  was  small. 
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The  second  region  examined  was  limited  space  vehicles,  char¬ 
acterised  by  an  environment -cooled  system.  For  this  condition, 
the  heat  advantage  of  the  MTI  system  cannot  be  used  due  to  the 
eventual  cooling  of  the  gas,  Similarly,  the  fuel  tank  molecular 
weight  is  expected  to  Increase  because  of  condensation  of  the 
lightweight  gas  products.  As  a  consequence,  there  is  no  weight 
savings  from  MTI  pressurization.  This  is  illustrated  in  Fig-  11-39 
which  shows  that  the  "heated"  stored  helium  system  is  in  fact 
lighter  by  up  to  12%.  The  addition  of  heat  in  the  stored  gas 
system  merely  compensates  for  the  temperature  reduction  due  to 
gas  expansion.  The  break-even  point,  where  both  systems  have 
equivalent  weight  penalties,  occurs  at  a  molecular  weight  of 
approximately  14  to  15  for  cool  fuel  tank  gas  products.  Unheated 
stored  helium  systems  and  both  types  of  stored  nitrogen  systems 
compare  less  favorably  with  MTI,  being  approximately  607.  to  2707, 
heavier.  Consequently,  these  are  not  to  be  considered  for  limited 
space  vehicles. 

The  last  region  investigated  covered  space  vehicles,  This 
region  differed  from  the  previous  case  in  that  vehicle  size  is 
reduced  and  only  pressure-feed,  maximum-expanaion  ratio  rockets 
are  considered.  Figure  11-40  indicates  that  for  small  size  vehicles 

(l  x  10^  lb^-secj,  unheated  stored  helium  systems  become  weight 

competitive  with  MTI  pressurization  systems.  As  vehicle  size  in¬ 
creases,  heated  stored  helium  systems  should  be  used  to  avoid 
substantial  weight  penalties.  This  is  illustrated  for  the  20  x 

10^  lb^-sec  total  impulse  curve  in  Figure  11-40,  Obviously  the 

storage  tank  weight  penalties  of  stored  gas  systems  have  leas 
influence  as  vehicle  total  impulse  decreases,  and  thus  gas  pres- 
surant  demand  is  less. 
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rig.  11-32  MU  VS  Gas  Generator  Pressurization  Systems,  Case  I,  Booster  Vehicle 
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Fig.  11*33  MX I  vs  Gas  Generator  Pressurization  System,  Case  II, 
Sustainer  Vehicle 


11-64 


RTD-TDR-63-U23 


Fig.  11-34  MT1  vs  Gas  Generator  Pressurization  Systems,  Case  1X1,  Upper 
Stage  Vehicle 
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Fig.  11-37  HTZ  va  Gas  Generator  Free a urt sat Ion  Systems,  Case  VI, 
Space  Vehicle,  Indefinite  Storage 
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Fig.  11-38  Comparison  of  MTI  and  Heated  Stored  Helium  Pressurization 
System  Weights,  Cases  1,  XI,  and  III,  Boosters  and  Upper 
Stage  Vehicles 
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Fig,  11-40  Comparison  of  MZI  and  Stored  Helium  Pressurization  System  Weights, 
Case  VI,  Space  Vehicles,  1-  to  30-day  Space  Storage 
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B  .  RESEARCH  TESTING 


The  Phase  I  research  test  program  enabled  the  Investigation  of 
the  reaction  process  and  development  of  a  chemical  pressurization 
system  on  a  small-scale  basis.  Information  gained  from  this  pro¬ 
gram  established  the  optimum  injection  technique  and  methods  for 
generating  desirable  pressurizing  gases  in  either  the  fuel  or  oxi¬ 
dizer  tank  with  hoth  the  dual  injection  and  common  ullage  config¬ 
uration.  A  reagent  injection  device  with  adequate  response  and 
performance  was  successfully  developed  and  provided  important 
data  concerning  the  combustion  process  and  system  thermodynamics 
to  allow  development  of  an  MT1  mathematical  model.  Since  approxi¬ 
mately  100  fully  instrumented  tests  were  performed,  and  approxi¬ 
mately  75  of  these  tests  underwent  ullage  gas  analysis,  substantial 
information  was  acquired  to  verify  the  MTI  concept  and  aid  in  full- 
scale  system  design. 

The  basis  research  program  was  divided  into  four  parts  : 

1)  Fuel  tank  injection  syBtem  development; 

2)  Fuel  tank  injection  method  evaluation; 

3)  Common  ullage  system  development; 

4)  Parametric  testing. 

The  Injection  system  development  program  Involved  testa  with 
a  single  tank  to  aid  in  modifying  a  commercial -type  chemical  spray¬ 
ing  device  used  as  the  injector  and  verify  the  pressure  control 
and  reagent  supply  systems.  In  this  series,  nitrogen  tetroxide 
was  injected  through  a  solid-stream  orifice  into  the  surface  of  the 
fuel  at  sufficient  velocity  to  penetrate  the  surface  and  provide 
significant  regenerative  cooling  of  the  resultant  combustion  gases. 
A  pulse  mode  pressure-demand-type  system  was  used,  maintaining 
tank  pressure  within  the  pressure  switch  deadband.  The  injection 
method  evaluation  test  series  used  the  Bame  basic  pressurization 
system  for  the  fuel  tank  with  a  common  ullage  manifold  connecting 
the  water-filled  oxidizer  tank.  Two  spray  patterns  (solid-stream 
and  15*  fan  spray)  were  investigated  both  above  and  below  the 
liquid  surface.  For  the  common  ullage  system  development  program, 
the  secondary  tank  was  filled  with  oxidizer  while  surface  and  sub¬ 
surface  gas  impingement  techniques  were  evaluated  with  varlouB  gas¬ 
conditioning  methods.  The  parametric  tests  were  performed  by 
separately  pressurizing  each  tank  with  solid-stream  surface  reagent 
injection  at  pressures  of  36,  100,  and  200  psia .  Satisfactory  sys¬ 
tem  operation  was  achieved  with  MTI  initial  pressurization,  vari¬ 
able  outflow,  restart,  and  induced  random  vibration. 
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1.  Test  Fixture  Design 

One  primary  consideration  in  designing  the  small-scale  system 
was  to  provide  maximum  test  safety  and  sufficient  ability  for  proc¬ 
ess  investigation  with  a  variety  of  configurations  .  The  availabil¬ 
ity  of  surplus  5.33-cu-ft  aluminum  (6061-0)  spheres  with  5/8-in. 
wall  thicknesses  permitted  tests  on  an  appropriate  scale  with  maxi¬ 
mum  safety  and  a  minimum  amount  of  modification  and  cost.  The 
spheres  were  cut  in  half  and  modified  to  provide  a  noncavitating 
non-dropout  propellant  outlet,  propellant  antivortex  baffles,  pres¬ 
surization  ports,  pressure  relief  ports,  instrumentation  ports,  and 
camera  ports.  Figure  11-41  shows  a  top  view  of  the  upper  dome,  and 
Fig,  11-42  shows  the  inside  of  the  upper  dome  with  the  demister  ele¬ 
ment  used  for  common  ullage  ga3  filtration  displayed  outside  the 
canister.  Figure  11-43  shows  the  inside  of  the  lower  dome  and  the 
baffle  installation  for  propellant  flow  direction  and  combustion 
zone  control.  A  satisfactory  seal  at  the  separation  flange  was 
obtained  by  filing  the  seal  groove  with  RTV  silicone  rubber  (MMS-M- 
138),  which  is  compatible  with  Btorable  propellants  for  only  a 
limited  time. 

The  total  tank  weight  is  approximately  212  lb,  with  an  addi¬ 
tional  maximum  propellant  load  of  286  lb  of  fuel  or  455  lb  of  oxi¬ 
dizer  when  filled  to  the  5%  ullage  level  sensor.  The  propellant 
load  for  each  test  was  a  function  of  the  desired  ullage  since  tests 
at  5  or  30%  ullage  in  each  tank  were  provided  to  permit  operation 
at  an  outflow  mixture  ratio  of  approximately  2  to  1  and  allow  ini¬ 
tial  tests  under  less  severe  response  requirements.  A  maximum  150- 
sec  test  duration  was  selected,  based  on  current  booster  engine 
burning  duration.  Consequently,  the  nominal  propellant  flowrates 
of  2.5  lb/sec  oxidizer  and  1.25  lb/sec  fuel  were  established,  based 
on  a  residual  0.42  cu  ft  of  fuel  at  injector  shutoff.  Low-level 
sensors  were  used  to  provide  sufficient  propellant  for  baffle  re¬ 
generative  cooling,  and  the  remaining  outflow  was  accomplished  by 
ullage  gas  expansion. 

The  assembled  tank  is  shown  in  Fig.  11-44.  A  closeup  permits 
observation  of  the  injector  installation  contained  in  Fig.  11-45. 
The  hemispheres  were  joined  with  tension  bolts  designed  for  a  700- 
pslg  burst  pressure  with  the  upper  dome  restrained  and  counter¬ 
balanced  to  prevent  facility  or  system  damage  in  the  event  of 
catastrophic  failure.  Lower  range  overpressure  protection  was  also 
provided  with  a  250-psig  relief  valve  and  two  (300-psig  rupture  at 
100°F)  burst  discs  made  of  6061  T-6  aluminum.  The  1- in, -diameter 
propellant  sight  glass,  incorporated  for  detecting  entrained 
vapors,  and  the  3-in. -diameter  x  3/4-in. -thick  Tuf-flex  camera 
ports,  used  for  photographic  and  television  observation  of  the 
reaction  process,  provided  additional  overpressure  protection  at 
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higher  pressure  levels,  Vent  stacks  were  provided  to  control 
any  discharged  fluids.  The  initial  and  final  propellant  levels 
were  indicated  by  Powerton  ultrasonic  liquid  detectors  with  pro¬ 
pellant  flow  control  accomplished  by  Annin  Domotor  and  a  Swartout 
remote  control  unit.  The  discharged  fluid  was  stored  in  a  catch 
tank  show  in  the  lower  left  corner  of  Fig.  IT-44, 

The  injection  system  design  was  based  on  pulse  mode  operation 
with  anticipated  use  in  the  full-scale  system.  The  basic  injector 
is  a  modified  Spraying  Systems  Co.  (Model  24  AUA-8980)  chemical 
spray  gun.  This  component  uses  a  solid-stream  injector  orifice  tip 
for  flow  control  and  Is  pneumatically  actuated  and  pressure-switch 
controlled.  Sufficient  versatility  is  inherent  in  the  basic  design 
to  allow  spray  pattern  or  injector  location  variations.  The  100- 
psig  nitrogen  actuation  was  controlled  by  a  1/4-in.  three-way  sole¬ 
noid  valve.  Reagent  was  supplied  under  pressure  from  a  sight  glass 
with  dump  capability  in  the  event  of  abnormal  conditions .  An  in¬ 
jector  differential  pressure  of  75  psl  was  used  in  all  of  the  tests. 
Sufficient  capacity  was  provided  to  permit  common  ullage  testing 
at  pressures  to  200  psia.  The  injector  orifice  diameter  was  orig¬ 
inally  based  on  an  assumed  reaction  mixture  ratio  of  0  .1  and  a 
300°F  operating  temperature  in  the  fuel  tank.  For  these  conditions, 
the  two-tank  system  only  attained  marginal  flow  capacity  due  to  the 
amount  of  condensibles  formed  and  the  higher  reaction  mixture  ratio. 
System  response  was  determined  by  a  method  similar  to  that  explained 
in  Chapter  V  Section  B,  based  on  nominal  component  operation  char¬ 
acteristics.  Subsequent  tests  with  a  0  .014-in .-diameter  orifice 
verified  system  capability  for  +1.0  psl  pressure  control  and  minimum 
ullage . 

Although  the  injection  system  is  comprised  of  several  elements 
that  limit  the  overall  system  response,  excellent  pressure  control 
was  achieved  in  all  tests.  Figure  11-46  is  a  schematic  of  the  in¬ 
jection  system  electrical  circuit.  This  design  uses  a  normally 
closed  single-contact  36  +  0 .25-psia  Belleville-type  pressure  switch 
to  control  tank  pressure  and  a  manual  override  to  prevent  Injection 
before  the  test  starts.  The  electrical  signal  activates  a  relay 
that  controls  operation  of  a  solenoid  valve  that  supplies  100  psig 
pneumatic  pressure  for  opening  the  normally  closed  injector.  In¬ 
jector  response  primarily  depends  on  the  pneumatic  flow  capacity  of 
the  activation  system  for  opening  and  depressurieation  for  closing. 

An  additional  time  lag  was  detected  due  to  the  reagent  stream  above 
the  liquid  surface  when  the  injector  was  signaled  closed,  so  a  slight 
tank  overpressure  was  experienced.  Since  this  phenomenon  is  a  func¬ 
tion  of  injection  mass  velocity  and  distance  from  the  injector  to 
the  liquid  surface,  suitable  allowances  must  be  made. 
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Fig.  11-41  Research  Fixture  Outside  Upper  Dome 


e  Inside  Upper  Dome 


:ure  Inside  Lower  Dome 
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Fig.  11-44  Research  Fixture  Assembled 


(  Fig.  11-45  Phase  1  Primary  tank  with 

Injector  Installed 
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2.  System  Description 

The  Phaae  I  test  system  consisted  of  the  control  console,  the 
research  fixture,  and  the  necessary  Instruments  for  data  acquisi¬ 
tion.  The  research  test  system  consisted  of  two  stde-by-side 
spherical  propellant  tanks  to  permit  common  ullage  pressurization 
experiments  with  simultaneous  propellant  outflow.  Identical  pro¬ 
pellant  expulsion  systems  were  used  for  both  the  primary  and  sec¬ 
ondary  tanks,  except  an  injector  was  installed  in  the  primary  tank. 
Figure  11-47  shows  a  schematic  of  the  complete  system  and  Fig, 

11-48  shows  a  photo  of  the  arrangement.  Propellants  were  supplied 
to  the  main  propellant  tanks  from  the  facility  55-gal  storage  drums 
under  10  psig  nitrogen  pressurization.  Propellant  expelled  from 
the  main  test  tanks  was  then  stored  in  the  catch  tanks  to  permit 
rapid  recycling  for  additional  tests.  The  expelled  propellants 
were  observed  through  the  sight  glass  at  the  tank  outlets,  and  pro¬ 
pellant  flow  was  manually  remotely  controlled.  Propellant  loading 
and  shutdown  was  controlled  by  liquid-level  sensors  to  permit  iden¬ 
tical  expelled  volumes  for  test  duplication. 

Initial  propellant  tank  pressurization  can  be  provided  by  either 
helium  or  nitrogen  through  the  dome  loader  pressure  regulators. 
Nitrogen  can  also  be  used  for  relief  valve  and  injector  actuation 
in  addition  to  pressurization  of  the  reagent  supply  system.  The 
reagent  was  supplied  from  a  pressurized  reservoir  to  the  injector 
sight  glass  and  then  isolated  from  the  facility  system.  A  high- 
point  bleed  allowed  entrained  vapor  to  be  vented  for  accurate 
measurement  of  reagent  consumption.  Each  tank  was  separately  pres¬ 
surized  with  an  isolation  valve  and  a  1/4-psi  differential  pressure 
check  valve  installed  in  the  common  ullage  line.  All  functions 
were  observed  by  using  appropriate  instruments  on  the  control  con¬ 
sole  . 

The  MTI  PhaBe  I  test  console  shown  in  Fig.  11-49  provided  re¬ 
mote  control  for  all  test  phases  including  propellant  and  reagent 
loading,  pretest  pressurization,  and  automatic  test  sequencing. 
Important  control  and  operating  pressures  were  monitored  by  gages, 
while  lights  indicated  all  valve  positions.  In  simultaneous  common 
ullage  propellant  expulsion,  an  adjustable  timer  was  used  to  give 
up  to  1.3-sec  oxidizer  lead  for  simulating  a  typical  engine  start 
transient.  The  console  provided  malfunction  detection  with  auto¬ 
matic  shutdown  in  case  of  overpressurization,  and  normal  shutdown 
in  the  event  of  visual  or  mechanical  irregularities .  The  entire 
system  was  designed  for  fall-safe  conditions  during  any  part  of  the 
test  operations. 


11-79 


11-81 


Fig.  11-48  Phase  I  Dual  Tank  Test  Configuration 


Lg.  II-49  Research  Fixture  Control  Console 
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The  instrumentation  monitoring  system  for  the  MTI  Phase  I  pro¬ 
gram  is  shown  in  Fig.  11-50 .  This  system  can  process  42  data 
channels  simultaneously  with  a  36-channel  CEC  oscillograph  and  a 
six-channel  direct-writing  Sanborn  recorder.  The  Sanborn  recorder 
was  used  exclusively  for  recording  the  critical  test  parameter  re¬ 
quired  for  quick-look  data  analysis.  High-response  parameters  or 
those  required  for  less  urgent  engineering  analysis  were  handled 
by  the  CEC.  Twenty-eight  signal  conditioning  equipment  channels, 
including  12  channels  for  bridge-type  circuits,  12  for  thermocouples, 
and  four  for  flow-type  measurements,  were  provided.  All  systems 
Included  calibration  units  to  ensure  17.  data  accuracy. 

Pressures  were  measured  by  CEC  unbonded  strain-gage  bridge- 
type  transducers  and  were  temperature  compensated.  Principal 
measurements  were  propellant  tank  ullage  and  reagent  supply  pres¬ 
sures  .  Both  shielded  and  unshielded  chromel  alumel  type  K  thermo¬ 
couples  were  used  for  measuring  all  liquid  temperatures  and  the 
ullage  gas  temperature  profile  inside  the  tank.  Tank  wall  temper¬ 
atures  were  measured  by  copper-constantan  type  T  thermocouples  . 
Propellant  flow  measurements  were  obtained  from  Cox  turbine-type 
flowmeters .  Reagent  mass  flow  was  determined  by  a  displacement 
technique  due  to  the  small  quantities  involved.  A  calibrated- 1-in . 
diameter  sight  glass  18-in.  long  was  found  to  have  adequate  capacity 
for  all  low-pressure  tests;  however,  a  parallel  system  was  required 
for  the  higher  operating  pressures  .  Instrument  locations  are  shown 
in  Fig.  IX-51  for  the  common  ullage  tank  arrangement  and  the  meas¬ 
urement  symbols  are  described  in  Table  II-6 . 

A  temperature  rake  was  Installed  in  the  propellant  tank  to  de¬ 
termine  temperature  distribution  in  the  ullage  and  the  extent  of 
stratification  in  the  fuel.  Figure  11-52  details  the  locations  of 
the  internal  thermocouples  as  well  as  the  tank  wall  measurements 
and  gas  sampling  system  system  used  for  the  single-tank  system. 

Liquid  temperature  was  also  monitored  at  the  tank  outlet  to 
establish  the  condition  of  the  discharged  propellant.  Tank  wall 
thermocouples  were  mounted  on  the  external  surface  in  three  loca¬ 
tions  .  Temperature  profiles  obtained  by  the  internal  instrumenta¬ 
tion  were  augumented  by  photographic  and  television  observation  of 
the  combustion  process.  In  addition  to  the  pressure,  temperature, 
and  flow  histories  recorded,  four  gas  samples  were  also  taken  peri¬ 
odically  during  the  run  to  provide  additional  performance  data. 

The  gas  sampling  system  shown  schematically  in  Fig.  11-52  is  de¬ 
tailed  in  Section  C  of  this  chapter,  A  chemical  analysis  of  the 
propellant  was  also  made  on  specimens  acquired  before  and  after 
each  test  to  determine  the  extent  of  degradation  and  contamination. 
The  sampling  procedure  is  also  described  in  Section  C  of  this 
chapter . 
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Fig.  11-50  Research  Fixture  Instrumentation  System 
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Table  11-6  Instrumentation  Nomenclature 


Symbol 

Nomenclature 

P 

gFT 

Gas  pressure  In  fuel  tank  ullage 

PgOT 

Gas  pressure  in  oxidizer  tank  ullage 

Prl 

Reagent  injector  supply  pressure 

Mdf 

Fuel  mass  flowrate 

M, 

do 

Oxidizer  mass  flowrate 

T  , 
ri 

Reagent  injector  supply  temperature 

T 

iFTl 

Fuel  tank  rake  temperature 

T1FT2 

Fuel  tank  rake  temperature 

TiFT3 

Fuel  tank  rake  temperature 

TiFT4 

Fuel  tank  rake  temperature 

TiFT5 

Fuel  tank  rake  temperature 

X1FT6 

Fuel  tank  rake  temperature 

TiFT7 

Fuel  tank  rake  temperature 

Twm 

Fuel  tank  wall  temperature 

TwFT2 

Fuel  tank  wall  temperature 

TwFT3 

Fuel  tank  wall  temperature 

T_ 

£o 

Fuel  outflow  temperature 

TgOX 

Gas  temperature  in  oxidizer  tank  ullage 

TgCUf 

Gas  temperature  in  common  ullage  line,  fuel  tank  outlet 

TgCUo 

Gas  temperature  in  common  ullage  line,  oxidizer  tank 
inlet 
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3.  Test  Description 

The  Phase  I  MTI  research  test  program  was  conducted  at  the 
Martin-Denver  Hazardous  Materials  Laboratory  in  an  explosion-proof 
cell.  Since  the  cell  is  open  to  atmosphere  on  the  east  side,  the 
test  system  was  fairly  well  isolated  from  afternoon  solar  heating 
effects  or  adverse  wind  conditions.  Consequently,  environmental 
factors  did  not  appreciably  effect  the  test  results  except  for  a 
few  early  development  tests  performed  in  32°F  weather.  Primary 
system  control  as  veil  as  the  recording  equipment  were  in  the  block¬ 
house  under  controlled  environmental  conditions  with  a  few  opera¬ 
tions  performed  outside  to  the  complex.  Although  several  series 
of  tests  were  performed  with  single-  and  dual-propellant  expulsion 
systems,  the  150-sec  test  duration  and  operating  procedures  were 
maintained  for  all  tests. 

Before  starting  an  MTI  pressurization  test,  all  instruments 
were  calibrated  in  addition  to  a  complete  control  system  functional 
test.  After  the  propellant  specimens  were  procured  and  the  gas 
sampling  system  readied,  the  reagent  was  loaded  and  a  pressure 
decay  check  made  to  verify  no  injector  leakage.  Entrained  vapor 
was  bled  from  the  system  and  the  reagent  level  noted  after  the 
supply  pressure  was  adjusted  to  provide  a  75-psi  injector  differ¬ 
ential  pressure.  Fuel  was  then  loaded  from  the  catch  tanks  since 
spillage  could  result  in  a  fire  that  would  be  less  hazardous  with 
the  oxidizer  still  in  the  storage  system.  Propellant  levels  were 
established  by  liquid-level  sensors.  In  a  common  ullage  test, 
oxidizer  is  loaded  after  the  fuel  and  the  tanks  are  pressurized 
either  individually  or  through  the  fuel  tank  and  common  ullage 
system  to  approximately  40  psla  by  the  facility  gas  supply.  Nitro¬ 
gen  was  initially  selected  for  prepressurization,  but  helium  was 
later  used  to  better  identify  the  combustion  products  generated. 
Initial  pressurization  of  the  ullage  volume  was  originally  estab¬ 
lished  to  provide  a  margin  of  safety  if  the  injection  system  did 
not  respond  adequately  to  prevent  overpressurization  under  condi¬ 
tions  of  minimum  ullage  and  no  propellant  outflow  (later  tests  in¬ 
dicated  thia  precaution  is  unnecessary;  however,  prepresaurlzatlon 
with  helium  may  be  desired  to  reduce  total  pressure  weight) . 

The  control  console  starts  the  test  by  automatically  sequencing 
the  propellant  flow  control  valves .  An  8-sec  time  delay  was  in¬ 
corporated  in  the  outflow  system  to  provide  final  adjustment  of  the 
desired  propellant  flowrates .  As  the  tank  pressure  decreased  to 
within  the  injector  pressure  switch  operating  range,  a  reagent 
injection  began  to  maintain  the  desired  pressure  within  the  pressure 
switch  deadband  by  intermittent  combustion.  System  operation  was 
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monitored  by  both  the  control  console  instruments  and  Sanborn  re¬ 
cording  of  critical  pressures  and  temperatures  in  addition  to  TV 
observation  of  the  reaction  process.  When  required,  gas  samples 
were  periodically  taken  during  a  test  and  a  propellant  specimen 
was  acquired  after  test  completion.  Injection  termination  was 
signaled  by  the  propellant  low-level  sensor,  but  outflow  was  con¬ 
tinued  in  some  tests  to  verify  theoretical  computations  of  residual 
propellant  expulsion  by  ullage  gas  expansion.  In  some  tests,  addi¬ 
tional  system  versatility  was  demonstrated  by  incorporating  a  10- 
min  coast  period  where  propellant  flow  was  discontinued,  with  and 
without  continuous  pressurization  of  the  tank  ullage.  After  a  final 
reagent  level  reading,  the  system  was  purged  and  secured.  In  early 
tests,  the  injector  was  usually  inspected  for  wear  and  contamination 
but  later  experience  indicated  satisfactory  operation  without  clean¬ 
ing  or  repair  for  five  or  more  full-duration  tests . 

Fuel  Tank  Injection  System  Development  -  The  injection  system 
was  initially  developed  on  a  single  tank  to  avoid  the  possibility 
of  undesirable  secondary  reactions  in  a  common  ullage  bipropellant 
system.  This  enabled  proper  Identification  of  the  primary  combus¬ 
tion  products  and  permitted  a  more  thorough  examination  of  the  basic 
process  with  nitrogen  tetroxide  solid-stream  surface  injection. 

From  this  experiment,  the  feasibility  of  this  process  for  pressuris¬ 
ing  the  fuel  tank  was  established.  All  tests  completed  were  accom¬ 
plished  on  the  5.33-cu-ft  aluminum  fuel  tank  with  307.  initial  ullage 
volume  pressurized  to  30  pBlg  with  nitrogen.  A  schematic  of  the 
test  system  is  shown  in  Fig.  11-52,  The  initial  propellant  load 
and  expelled  volume  were  identical  for  each  run,  established  by 
the  electronic  liquid-level  sensors  providing  duplication  of  the 
pressurized  ullage  volume  for  each  test.  Constant  propellant 
flowrate  was  maintained  during  the  36-psia  injector  development 
tests . 
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Test  Configuration  -  During  the  injector  development  process, 
it  became  apparent  that  adequate  pressure  control  could  be  achieved 
by  an  on/off  injection  system;  consequently,  the  effort  was  con¬ 
centrated  on  improving  this  design.  Since  the  injector  was  fabri¬ 
cated  from  a  chemical  spraying  device,  the  initial  tests  indicated 
various  mnrimnirnl  deficiencies.  In  addition  to  material  compati¬ 
bility  problems,  the  vapid  cycling  rate  and  severe  environment 
inside  the  propellant  tank  presented  additional  difficulties.  The 
first  series  of  tests  using  a  surface  injection  process  w as  prima¬ 
rily  hampered  by  injector  plugging. 

Several  early  tests  with  a  0.006-in.  injector  orifice  were 
unsuccessful  due  to  the  presence  of  fine  particles  in  the  system. 

At  this  time,  it  was  detected  that  some  of  the  gaskets  that  ap¬ 
peared  to  be  Teflon  were  actually  nylon  and  had  to  be  replaced 
with  Teflon  in  addition  to  adding  a  10-micron  filter  between  the 
injector  seat  and  orifice.  These  modifications  did  not  prevent 
the  injector  from  clogging.  The  filter  was  then  installed  fur¬ 
ther  downstream  in  the  system.  Testing  was  resumed  and  plugging 
of  the  injector  was  again  experienced.  Since  the  injector  had 
performed  satisfactorily  outside  of  the  tank  during  pretest  ex¬ 
periments,  the  formation  of  reaction  products  inside  of  the  in¬ 
jector  orifice  was  suspected.  Also  reactions  had  been  observed 
in  this  area  and  gunk  (unidentified  fuel-rich  compound)  found 
on  close  examination  of  the  injector  after  completion  of  a  test. 

In  order  to  minimize  this  condition,  the  volume  between  the  in¬ 
jector  seat  and  orifice  was  reduced.  In  addition,  the  original 
assembly  was  constructed  with  a  tungsten  carbide  seat  that  had 
cracked  sometime  during  service  and  was  leaking.  The  decision 
was  made  to  incorporate  an  aluminum  seat  to  avoid  these  problems. 

The  soft  aluminum  seat  required  that  a  guide  be  installed  to  align 
the  injector  rod  with  the  seat.  Excellent  sealing  was  obtained 
at  the  seat  with  this  design.  Sealing  rings  had  to  be  machined 
on  the  seat  and  orifice  body  to  allow  metal  to  metal  contact  for 
gasket  elimination, 

To  alleviate  the  design  problems  associated  with  this  commercial- 
type  spraying  injector,  the  assembly  was  revised  so  standard  tubing 
connections  could  be  used  and  to  permit  testing  of  two  improved 
injector  shutoff  rods.  The  first  design  was  a  conventional  60-deg 
sharp  tip  valve  that  provided  good  sealing,  but  plugging  of  the 
orifice  was  again  experienced.  The  second  design  employed  a  clean¬ 
ing  tip  0.004-ln.  in  dia  by  0. 25-in,  long.  It  was  felt  that  this 
design  would  prevent  reaction  products  from  plugging  the  0.006-in. - 
dia  orifice;  however,  after  several  solid  particles  were  found  in 
the  system,  this  theory  was  abandoned. 
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Since  solid  contamination  was  still  present  in  the  system, 
the  design  of  the  system  was  thoroughly  checked.  The  particles 
were  too  small  to  be  identified,  so  it  was  not  possible  to  estab¬ 
lish  their  origin.  Chafing  of  the  upper  Teflon  packing  was  later 
confirmed.  The  rod  was  polished  and  the  packing  replaced.  The 
last  remaining  Teflon  gasket  between  the  injector  seat  and  guide 
was  also  removed  and  a  10-micron  cup  filter  installed  in  the 
swedge  lock  fitting.  The  filter  was  later  removed  since  its 
effectiveness  was  limited  by  the  clearance  required  for  the  in¬ 
jector  rod  passing  through  the  center  of  the  filter.  Subsequently, 
a  large  capaclt,  20-micron  filter  was  installed  furtiic.  u^olieaiu 
in  the  system  that  permitted  several  tests  to  be  made. 

At  this  point,  it  was  discovered  chat  the  0.006- in.  sapphire 
orifice  was  somewhat  marginal  due  to  the  greater-than-expected 
quantity  of  reagent  required  for  propellant  tank  pressurization 
and  the  additional  amount  required  for  the  generation  of  sample 
gas.  An  0.008-in.  stainless  steel  orifice  was  installed  in  the 
system  and  no  pressure  overshoot  was  experienced  even  though  the 
injectant  flowrate  was  increased  55%.  Subsequent  tests  with  a 
0.009-in.  dia  aluminum  solid-stream  orifice  indicated  that  ade¬ 
quate  pressure  control  could  still  be  obtained,  and  plugging  was 
minimized.  A  test  made  with  a  0 .007-in. -dia  15-deg  fan  spray 
stainless  steel  orifice  indicated  that  contamination  was  still 
present.  This  nozzle  had  to  be  modified  to  eliminate  a  noncom- 
patible  gasket  that  also  hampered  its  use.  Further  testing  with 
both  the  modified  fan  spray  and  solid-stream  orifices  indicated 
that  additional  development  was  still  required  to  achieve  the 
desired  degree  of  reliability. 

The  injector  was  again  modified  to  its  present  configuration 
(Fig.  II-l),  which  has  provided  trouble-free  operation  in  the  last 
six  tests.  This  design  isolates  the  upper  part  of  the  injector 
by  an  aluminum  injector  rod  guide.  The  reagent  now  enters  the 
injector  through  a  0.125-in.  0D  (0.020-in,  wall  thickness)  tube 
at  the  lower  end,  thus  preventing  particles  originating  in  the 
upper  portion  of  the  assembly  from  entering  the  critical  areas  of 
the  seat  and  orifice.  The  large-capacity  20-micron  filter  was  in¬ 
stalled  at  the  Inlet  of  the  tube  and  the  injector  instrumentation 
was  relocated  to  an  upstream  position.  Since  adequate  pressure 
control  wss  previously  demonstrated  by  large  diameter  aluminum 
orifices  an  integral  stainless  steel  orifice  and  seat  design  was 
evolved  to  eliminate  sealing  and  alignment  problems.  This  sent 
proved  to  be  more  durable  than  the  aluminum,  yet  provided  good 
sealing  when  lapped  to  the  valve.  The  increase  in  orifice  size 
to  0.012  in.  posed  no  machining  problems  in  the  harder  stainless 
steel.  A  subsequent  test  run  with  a  0.015-in.  solid-stream  ori¬ 
fice  still  permitted  pressure  control  within  +0.6  psi.  The  stream 
penetration  into  the  fuel  with  the  larger  orifice  was  significantly 
greater  than  with  the  smaller  orifice. 
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Some  of  the  various  injector  orifice  tips  are  shown  in  Pig, 

11-53,  The  0.006-in.  dia  sapphire  orifice  fitting  is  shown  as 
Item  A  in  Fig.  11-53.  The  sapphire  is  press  fit  into  the  back 
side  of  tha  stainless  steel  fitting  and  not  visible  in  this  photo¬ 
graph.  Item  B  is  an  0 .008-in. -dia  stainless  steel  orifice  tip 
that  was  used  in  conjunction  with  the  specially  designed  aluminum 
Seat  C.  The  sealing  rings  machined  on  the  face  were  required  to 
eliminate  external  leakage.  The  tapered  section  on  the  discharge 
end  was  constructed  to  minimize  injector  ullage  between  the  seat 
and  orifice  to  avoid  reaction  products  being  formed.  The  in¬ 
cluded  ancle  of  the  sent  is  deg  greater  than  the  injector  needle 
valve  to  provide  efficient  internal  sealing.  The  0 . 007-in . -dia 
15-deg  fan  spray  injector  is  shown  as  Item  D  in  Fig.  11-53.  This 
is  a  commercially  available  design  constructed  of  stainless  steel 
with  a  tungsten  carbian  orifice  insert.  Item  E  is  an  experimental 
aluminum  seat  that  was  used  in  the  orifice  assemblies  without  in¬ 
tegral  seats.  Item  F  is  a  0. 009-in. -dia  aluminum  orifice  shown 
from  the  back  with  its  integral  60-deg  included  angle  seat.  A 
similar  0 .015-in. -dia  solid-stream  aluminum  orifice  and  seat  is 
shown  as  Item  G.  The  final  orifice  configuration  (Item  H)  evolved 
is  a  stainless  steel  design  with  a  0 .009-in. -dia  orifice  and  in¬ 
tegral  seat. 

Teat  Results  -  The  test  effort  completed  during  this  test  series 
was  primarily  concerned  with  injector  development  and  securing 
ullage  gas  composition  data.  To  establish  a  dependable  pressur¬ 
ization  system,  18  single-tank  testB  were  performed  with  various 
injector  configurations.  Of  the  18  tests  performed,  seven  were 
only  partially  successful  and  the  data  were  not  reduced.  In  three 
of  the  remaining  tests,  system  operating  conditions  were  not  con¬ 
trolled  with  sufficient  accuracy  for  performance  evaluation  because 
of  injector  operating  problems  and  a  faulty  gas  sampling  technique. 
The  Injector  operating  problems  have  been  attributed  to  contamina¬ 
tion  by  solid  impurities  and  have  been  alleviated  by  the  improved 
design. 

Of  the  successful  tests,  five  were  performed  with  a  0. 006-in. - 
dia  solid-stream  orifice  with  one  each  using  a  0.009-,  0.012-,  and 
0 .015-in. -dia  orifice.  The  results  are  summarized  in  Table  11-7 
for  the  average  data  obtained.  Each  test  was  run  under  identical 
conditions  except  for  ambient  temperature  that  was  approximately 
50*F  for  the  0.006-  end  0 . 009-in. -dia  orifices  and  35#F  for  the 
0.012-  and  0 .015-in. -dia  orifices.  Approximately  185  lb  of  fuel 
were  discharged  in  each  150-sec  test. 
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Table  II-7  Summary  tfTI  Injector  Development  Tests 


Injector  Orifice 

T 

Gas 

(°F) 

ATFuel 

<°F) 

ATWall 

(°F) 

N204  Used 
(lb) 

0 .006-in. -dia  Sapphire 

ea 

6 

18 

0.185 

0.009 -in. -dia  Aluminum 

9 

1  1 

0.177 

0 .012-in. -dia  Stainless 
Steel 

H 

0.207 

0.015-in. -dia  Aluminum 

HI 

i 

0.174 

Teat  conditions  were: 


1)  Single  tank  with  N?0,  solid-stream  surface  injection 
at  100  psig; 

2)  30%  initial  ullage  volume  pressurized  with  nitrogen 
to  41.7  psia; 

3)  Fuel  tank  pressure  36  psia  and  expulsion  at  1.26  lb/ 
sec. 

Nitrogen  initial  pressurization  was  uBed  to  avoid  system  over¬ 
pressurization  with  initial  small  ullage  volume  and  no  propellant 
outflow.  Pressure  control  wbb  within  ±0,25  psi  for  all  tests  dur¬ 
ing  propellant  expulsion.  The  gas  temperatures,  obtained  2  in. 
from  the  upper  dome,  are  maximum  values.  Final  fuel  temperature 
was  obtained  by  a  probe  in  the  propellant  tank  outlet  with  a  re¬ 
sidual  0.42  cu  ft  of  liquid  remaining  in  the  tank  at  the  end  of 
the  run.  Propellent  tank  wall  temperatures  were  measured  exter¬ 
nally  at  three  locations  with  the  highest  reading  reported.  The 
quantity  of  reagent  consumed  was  determined  by  actual  measurement. 
Typical  pressurization  system  performance  curves  are  presented  in 
Fig.  11-54  thru  11-56  to  show  the  actual  conditions  during  a  150- 
sec  teat.  These  data  were  complied  for  solid-stream  surface  injec¬ 
tion  with  a  0. 012-in, -dia  injector.  Tank  pressure  was  maintained 
within  ±0.25  psi  throughout  the  run  while  the  injection  frequency 
varied  from  2,6  cps  at  the  start  of  the  run  to  2.1  cps  near  the 
end.  The  gas  sample  valve  was  opened  10  sec  after  test  initiation, 
allowing  continuous  gas  bleed  through  a  0,025-in.  orifice.  A  total 
of  0.206  lb  of  reagent  was  used,  which  was  slightly  higher  than 
the  average  test.  This  was  attributed  to  the  low,  ambient  39#F 
temperature.  Figure  11-54  shows  basic  pressurization  system 
performance  for  the  small-scale  test  fixture  during  a  typical 
fuel  expulsion.  The  internal  and  external  temperature  distri¬ 
butions  in  the  propellant  tank  are  shown  in  Fig.  11-55  and 
11-56,  and  thermocouple  locations  are  identified.  In  all  tests 
conducted  to  date,  a  precise  definition  of  the  temperature  pro¬ 
file  in  the  combustion  zone  has  not  been  possible,  so  the  antic¬ 
ipated  1600°F  flame  temperature  has  not  been  verified. 
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Fig.  11-34  Typical  Single  Tank  Pressurltation  System  Performance 
with  Solid-Stream  Surface  Injection 
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Temp  (°F) 
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Fig.  11-55  Fuel  Tank  Internal  Temperature  Profile 
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Fig.  11-56  Fuel  Tank  Well  Temperature  Profile 
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System  Performance  Analysis  -  The  fuel  tank  solid-stream  sur¬ 
face  Injection  system  was  evaluated  to  determine  the  validity  of 
the  early  version  of  the  analytical  model.  In  Fig,  11-57,  actual 
data  are  compared  with  predicted  performance  as  functions  of  re¬ 
action  mixture  ratio  (reaction  mixture  ratio  is  defined  as  the 
ratio  of  oxidizer  to  fuel  mass  consumed  in  the  reaction  process) . 

Both  the  variation  and  average  data  are  presented  to  show  the  de¬ 
gree  of  correlation  with  predicted  values.  Although  minor  modifi¬ 
cations  are  required  to  adjust  the  heat  balance,  the  quantity  of 
reagent  used  is  approxinuitei  y  twice  that  pry-'  led  for  the  reaction 
mixture  ratio  of  0,42  obtained  due  to  the  amount  of  condensibles 
formed.  The  apparent  reagent  consumption  correlation  in  Fig.  11-57 
at  a  reaction  mixture  ratio  of  1.25  has  no  significance  since  the 
theoretical  computation  was  based  on  an  assumed  gas  molecular  weight 
of  19.5  and  the  actual  molecular  weight  obtained  was  13. 

The  theoretical  quantity  of  reagent  used  was  originally  based 
on  the  quantity  of  combustion  products  formed  and  predicted  range 
of  reaction  mixture  ratios  assuming  no  condensation  occurs.  In  this 
computation,  a  combustion  gas  molecular  weight  and  composition  was 
determined  from  the  theoretical  equalibrium  calculation  for  the  as¬ 
sumed  mixture  ratio.  The  results  of  this  computation  are  shown  in 
Fig.  11-58.  For  the  combustion  product  molecular  weight  of  13, 
the  theoretical  reaction  mixture  ratio  of  0,57  from  Fig.  11-58  is 
slightly  higher  than  the  actual  0.42  reaction  mixture  ratio  deter¬ 
mined  from  a  mass  balance.  The  actual  reaction  mixture  ratio  was 
based  on  the  measured  quantity  of  reagent  consumed  and  total  amount 
of  products  produced,  as  described  by  the  following  relation: 

Reaction  Mixture  Ratio  ■ 

_ Mass  Oxidizer  Consumed  _  - 

(Total  Mass  Products  Produced)  -  (Mass  Oxidizer  Consumed) 

where  the  total  mass  of  products  produced  includes  condensed  water 
and  any  other  identified  condensed  products  found  in  addition  to 
the  mass  of  combustion  gas  generated. 

The  mass  balance  performed  required  that  the  total  quantity  of 
combustion  products  generated  be  determined,  including  the  part  that 
condensed  in  the  system  and  was  consequently  not  included  in  the  gas 
analysis.  Since  the  actual  amount  of  fuel  consumed  in  the  reaction 
could  not  be  determined  from  test  data,  the  unidentified  products  of 
reaction  were  assumed  negligible  so  a  probable  reaction  mixture  ratio 
could  be  established. 
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(NjO^  Solid-Stream  Surface  Injection,  SlngLe  Tank  Teat) 
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An  attempt  was  made  to  further  define  the  condensible  products 
of  reaction  so  the  actual  reaction  mixture  ratio  could  be  verified; 
however,  due  to  the  complexity  of  the  problem,  an  accurate  identifi¬ 
cation  was  not  possible.  The  actual  quantity  of  gaseous  combustion 
products  generated  was  calculated  from  the  physical  characteristics 
of  the  system  as  a  function  of  gas  molecular  weight  for  the  actual 
final  average  ullage  gas  temperature,  and  is  plotted  in  Fig.  11-59, 
including  a  small  part  that  was  bled  from  the  system  continuously 
for  gas  analysis.  A  small  computer  program  was  formulated  for  this 
purpose  and  is  described  in  Appendix  A.  The  actual  amount  of  con¬ 
densible  products  formed  was  established  from  the  increase  in  water 
content  of  the  fuel.  The  1.75  lb  water /lb  of  combustion  products 
estimated  from  the  percentage  of  water  in  the  final  fuel  specimen 
is  substantially  greater  than  predicted  (Fig.  11-58).  Although 
the  maximum  quantity  of  water  produced,  based  on  a  material  balance 
(0.78  lb/lb  of  reagent  consumed),  is  significantly  lower  than  the 
estimated  amount  of  2.16  lb/lb  of  reagent  determined  from  test  data, 
the  resultant  error  in  apparent  mixture  ratio  will  be  reduced  since 
other  condensibles  formed  are  not  included.  Table  11-8  summarizes 
the  mass  balance  for  the  solid-stream  surface  injection  system. 


Table  II-8  Single  Tank  Solid-Stream  Surface  Injection 
System  Mass  Balance 


Reagent  Consumed 

Gas 

Water 

Reaction 

Mixture 

(W 

Molecular 

Actual  Wt 

Fuel 

Est  Wt 

Ratio 

“o/"f 

(lb) 

Wt 

(lb) 

(*/.) 

(lb) 

0.185 

13 

0.227 

0.2 

0.4 

0.42 

From  the  actual  composition  of  the  reactants,  a  material  bal¬ 
ance  was  attempted  to  determine  the  exact  quantities  of  reactants 
required  to  produce  the  various  constituents  of  the  combustion  gas. 
Although  the  primary  objective  was  to  determine  the  quantity  of 
fuel  going  into  the  reaction,  this  analysis  was  also  required  to 
identify  the  condensed  products  of  reaction. 


( 
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Total  Weight  Gaseous  Combustion  Products  fib) 


Fig.  11-59  MT1  Gaseous  Combustion  Products  Total  Weight  vs  Molecular 
Weight  for  the  Small-Scale  Single-Tank  System 
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In  this  computation  a  particular  test  was  selected  with  the 
following  combustion  gas  composition: 


Constituent 

Volume  (7.) 

N2 

0.249 

H2 

0.497 

CH4 

0.120 

nh3 

0.115 

NO 

0.019 

Due  to  the  absence  of  water  in  the  combustion  products,  the 
material  balance  was  made  assuming  that  all  the  available  oxygen 
from  the  nitrogen  tetroxide  went  into  the  formation  of  water.  For 
this  particular  teat,  0.195  lb  of  reagent  was  consumed  to  form 
0.215  lb  of  combustion  products  with  an  estimated  0.32-lb  increase 
in  water  content  detected  in  the  fuel.  The  fuel  analysis  before 
test  showed  the  following  composition: 

Constituent 

Volume  (%) 

N2H4 

0 . 544 

N2H2  (CH3)2 

0.395 

h2o 

0.011 

Based  on  an  assumed  reacted  fuel  quantity  of  0.4  lb,  the  fol¬ 
lowing  material  balance  was  established: 


2.12  N204  +  7.42  N2H4  +  2.63  (CEj)  +  0.24  H20  - 

4.32  N2  +  8.6  H2  +  2.08  CH4  +  2.0  NH^  +  0.33  NO  +  8.4  HjO. 


By  analyzing  the  above  equation  it  is  apparent  that  an  exact 
material  balance  has  not  been  achieved,  primarily  due  to  a  short¬ 
age  of  nitrogen  (0.187  lb)  in  the  combustion  products.  Since  a 
small  quantity  of  both  hydrogen  and  carbon  is  also  absent  from  the 
analysis  of  combustion  products,  the  resultant  material  missing 
may  be  the  unidentified  material  condensed  in  the  system.  From 
the  oxygen  balance  performed,  the  resultant  mass  of  water  formed 
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was  0,15  lb  compared  with  0,32  lb  present  in  the  fuel.  The  addi¬ 
tional  product  of  reaction  required  to  balance  the  equation  is 
0.227  lb.  In  establishing  the  quantity  of  fuel  going  into  the  re¬ 
action,  the  hydrogen  balance  was  considered  to  be  the  best  approach. 
The  large  quantity  of  water  produced  was  considered  excessive  in 
view  of  the  quantity  of  reagent  consumed.  From  the  results  of  this 
material  balance  the  reaction  mixture  ratio  for  this  particular  test 
was  0.487  compared  with  the  average  of  0.42  obtained  by  a  pure  mass 
bal ance . 


In  an  attempt  to  resolve  the  nitrogen  discrepancy  in  the  mate¬ 
rial  balance,  helium  was  used  in  future  tests  to  permit  direct  iden¬ 
tification  of  the  composition  of  the  combustion  products.  Since 
small  quantities  of  a  viscous  brown  liquid  were  detected  in  the 
pressurization  system  in  addition  to  a  slight  discoloration  of  the 
fuel,  additional  analysis,  required  to  determine  the  composition 
of  the  unidentified  substance  referred  to  as  gunk,  is  described  in 
Chap.  II. A. 3.  The  high  water  content  of  the  fuel  can  be  explained 
by  the  hydroscopic  nature  of  the  fuel  and  inadequate  storage  of  the 
specimen  before  analysis. 

The  injector  development  testB  performed  at  36  psia  under  a  va¬ 
riety  of  conditions  with  various  injector  designs  have  furnished 
considerable  data  for  determining  the  effects  of  orifice  size  on 
the  reaction  process  and  system  thermodynamics.  A  study  of  the 
shape  and  size  of  the  combustion  zone  identified  by  photographic 
observation  has  been  made  to  correlate  the  theory  employed  in  the 
analytical  model.  The  amount  of  penetration  of  the  reaction  process 
into  the  fuel  during  this  series  of  tests  has  been  related  to  the 
mass  flowrate  change  introduced  through  a  variation  in  orifice  size. 
The  injection  velocity  was  an  independent  variable  for  all  tests 
since  the  injector  differentisl  pressure  was  held  constant  at  75 
psi.  An  examination  of  the  basic  flow  equations  shows  the  influenc¬ 
ing  factors.  Assuming  a  constant  orifice  discharge  coefficient  for 
the  variation  in  test  conditions,  the  reagent  mass  flowrate  is: 


\  “Cd  Ao  V2gc  PR  AP’  lbm/8eC  111 

where 

Cd  *  discharge  coefficient,  0.70 

A  •  orifice  area,  sq  ft 
o  ’  n 

p_  ■  reagent  density,  90  lb  / cu  ft 
K  m  / 

CJf  ■  orifice  differential  pressure,  lb^^sq  ft 
gc  »  gravitational  constant,  32.17  ft/sec2. 
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By  substituting  Eq  [1]  in  the  continuity  equation,  the  injection 
velocity  is: 


V 


V2»c  CB  g 


ft/sec . 


[2] 


As  can  be  seen  from  Eq  [2],  the  injection  velocity  is  independent 
of  the  orifice  size  for  a  given  fluid  and  differential  pressure. 

The  mass  flow  is  directly  proportional  to  the  sqr„r_  t'..L 
diameter.  The  variation  in  penetration  obtained  from  the  injection 
process  and  consequently  the  amount  of  heat  transferred  to  the  pro¬ 
pellant  during  the  completed  series  of  tests  are  therefore  due  to 
the  change  in  mass  flowrate  resulting  from  the  variation  in  orifice 
diameter. 


Propellant  penetration  into  the  fuel  as  well  as  the  temperature 
increase  in  the  fuel  vs  orifice  diameter  are  plotted  in  Fig.  11-60. 
These  results  were  obtained  from  photographs  of  the  combustion  proc¬ 
ess  and  liquid  temperature  measurements.  The  heat  transfer  to  the 
fuel  appears  to  be  proportional  to  the  surface  area  of  the  combus¬ 
tion  zone  for  the  range  in  orifice  sizes  tested.  Since  the  amount 
of  temperature  stratification  in  the  residual  fuel  1b  not  known, 
an  accurate  account  of  the  total  amount  of  heat  transferred  cannot 
be  determined.  A  heat  balance  to  correlate  the  test  results  and 
further  identify  process  characteristics  is  contained  in  Chap.  III. A. 

The  ullage  gas  temperature  Increase  due  to  the  solid-stream  sur¬ 
face  injection  process  has  been  moderate  (200°F)  since  approximately 
75%  of  the  available  energy  is  transferred  to  the  propellant.  The 
reduction  In  gas  temperature  resulting  from  the  increase  in  quantity 
of  heat  dissipated  to  the  fuel  with  the  larger  orifice  diameters  is 
shown  in  Fig.  11-61.  The  decrease  in  gas  temperature  is  smaller 
than  anticipated,  due  to  the  relatively  large  gain  in  propellant 
temperatures,  since  the  heat  capacity  and  quantity  of  fuel  are  much 
greater  than  those  of  the  gas.  The  resultant  10%  decrease  in  ullage 
gas  temperature  contributes  to  the  slight  increase  in  reagent  con¬ 
sumption  . 

The  wall  temperature  data  compiled  showed  little  effects  other 
than  being  functions  of  the  temperature  and  time  exposed  to  the  ul¬ 
lage  gas.  The  tests  that  gave  a  higher  gas  temperature  resulted  in 
a  slightly  higher  wall  temperature.  The  increase  was  only  1°F  for 
every  25°F  change  in  ullage  gas  temperature  over  the  test  range. 

The  wall  temperature  data  shown  in  Fig.  11-62  are  corrected  for  the 
initial  ambient  conditions  by  showing  the  relative  change. 
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Since  the  amount  of  heat  dissipation  to  the  liquid  propellant, 
hence  penetration  distance  of  the  injected  reagent,  are  particularly 
important  to  reduce  ullage  gas  and  tank  wall  temperatures,  addi¬ 
tional  study  of  this  phenomenon  was  performed  in  an  attempt  to 
establish  the  influencing  factors.  To  assess  the  relative  impor¬ 
tance  of  injection  velocity  and  injector  orifice  size,  both  a  theo¬ 
retical  and  an  experimental  program  were  undertaken.  Based  on  a 
nonreaction  process,  an  attempt  was  made  to  correlate  this  theory 
with  the  actual  combustion  data  obtained  from  the  research  test 
fixture.  The  nonreacting  process  study  was  performed  by  the  down¬ 
ward  injection  of  colored  water  into  a  water-filled  5-gnl.  cylin¬ 
drical  glass  container  calibrated  with  a  1/2-in.  grid.  The  process 
was  analyzed  by  inspecting  motion  pictures  taken  at  200  fps.  Water 
was  injected  through  orifices  of  0.006,  0.135,  0.015,  and  0,040  in. 
in  dia  at  differential  pressures  of  75  and  150  psia  (higher  differ¬ 
ential  pressures  caused  the  solid  stream  to  break  up  and  were  not 
considered  in  this  investigation) .  The  data  obtained  are  summarized 
in  Table  II-9.  Particularly  interesting  was  the  fact  that  a  max¬ 
imum  penetration  distance  was  reached  in  each  nonreacting  test, 
conversely  to  a  reacting-type  process  that  appears  to  be  limited 
only  by  the  injection  duration  or  the  physical  boundary  of  the  sys¬ 
tem. 


Table  II-9  Nonreaction  Injection  Penetration  Test  Data 


Orifice  Dia 
(in.) 

Injector  £P 
(psi) 

Penetration 

(in.) 

Time  to  Max 
Penetration 
(sec) 

Penetration 
Rate  Average 
(in.  / sec) 

Injection 
Velocity 
(in. /sec) 

0.006 

75 

3.5 

945 

0.015 

75 

6.0 

0.030 

222 

945 

0.0135 

75 

6.0 

0.030 

222 

945 

0.0135 

150 

8.0 

0.025 

320 

1340 

0.040 

75 

13.0 

0.053 

244 

945 

0.040 

150 

15  (est) 

0.048 

(est) 

315 

1340 

( 
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All  data  reported  were  determined  from  the  photoanalysis  ex¬ 
cept  the  injection  velocity,  which  was  computed.  Particularly 
significant  was  the  penetration  distance,  which  increased  linearly 
with  the  orifice  diameter  for  a  given  injection  velocity  and  was 
proportional  to  the  square  root  of  the  differential  pressure  across 
the  orifice.  The  average  penetration  rate  was  approximately  50% 
of  the  theoretical  maximum  and  independent  of  orifice  size,  as 
expected  from  an  inspection  of  the  influencing  parameters. 


Bared  on  an  energy  balance  relating  pressures  at  the  stagna- 
tion  pcint  of  a  jet  impinging  on  a  target,  it  can  be  shown  that 


1/2  Pj  U)2  =  1/2  pU2 


[3] 


where  p.  and  p  are  the  densities  of  the  injected  and  penetrated 
fluid,  J 


and 


injection  velocity, 


U  “  penetration  rate. 
If  pj  -  p,  Eq  [3]  reduces  to, 


2  ' 


[4] 


If  Pj/P  ^  1*  Eq  [3]  can  be  expanded  and  solved  for  U^,  the  aver¬ 
age  penetration  rate  giving 


„ .  v.>  °.t  *V» i  A  -  v*  (°i  -  a 


2  0>j  • p) 


15] 


where  Vj  can  be  determined  from  the  well  known  modified  orifice 
flow  equation 


v 


J 


288  gc  AP 


ft/aec 


[6] 
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and 

Cd  a  orifice  discharge  coefficient 

gc  «  gravitational  constant  -  32.17  ft/sec^ 

££  ■  injector  differential  pressure,  lb^sq  in. 
p  =  fluid  density,  lb  / cu  ft. 

j  m  f 

Tabic  11-10  compares  the  expected  velocities  computed  from  Eq  [5] 
and  [6]  for  water,  a  50/50  blend  of  hydrazine  and  unsymmetr ical  di- 
methylhydrazlne ,  and  nitrogen  tetroxidc  for  a  75-psi  differential 
pressure . 


Table  11-10  Penetration  Rate  Comparison  for  a  Reacting 
and  Nonreacting  Process 


Injected 

Fluid 

Penetrated 

Fluid 

Density  Ratio 
(Pj/P) 

Theoretical 

Injection 

Velocity 

(ft/sec) 

Theoretical 
Average  Pene¬ 
tration  Rate 
(in. /sec) 

Actual 

Penetration 

Rate 

(in. /sec) 

Water 

Water 

1 

70.8 

472 

222 

Fuel 

Oxidizer 

0.628 

82.8 

438 

100 

Oxidizer 

Fuel 

1.59 

66.0 

442 

N/A 

Since  the  combustion  process  was  not  photographed  in  the  oxidizer 
tank,  there  is  no  identification  of  the  actual  penetration  rate 
or  distance.  However,  since  the  theoretical  nonreaction  penetra¬ 
tion  rates  in  the  fuel  tank  are  similar  to  those  in  the  oxidizer 
tank,  the  penetration  phenomena  were  assumed  identical  for  design 
purposes,  although  additional  investigation  is  required  in  this 
area.  The  actual  penetration  rate  of  100  in. /sec  was  primarily 
obtained  from  an  analysis  of  two  films,  one  with  the  0.006-in. - 
dia  injector  orifice  and  the  other  with  a  0.0135-in.-dia  orifice. 
Although  the  penetration  processes  are  significantly  different, 
the  actual  penetration  rate  for  the  combustion  process  appears 
to  be  507.  of  the  theoretical  average  for  a  nonreacting  process. 

The  penetration  test  is  summarized  in  curve  form  in  Fig.  11-63  for 
un  injector  differential  pressure  of  75  pst. 
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Since  the  actual  penetration  distance  was  computed  from  the 
optics  of  the  system,  attempts  were  later  made  to  measure  the 
penetration  and  rate  by  a  calibrated  illuminaf  :d  scale  mounted 
inside  the  tank.  However,  diffraction  end  distortion  incurred 
in  the  research  test  fixture  prevented  a  more  accurate  determina¬ 
tion.  Reruns  were  made  at  50,  75,  and  100  psi  and  indicated  the 
depth  primarily  increased  with  injection  duration.  It  was  there¬ 
fore  concluded,  from  the  amount  of  testing  performed  on  the  pene¬ 
tration  process,  that  additional  studies  should  be  conducted  with 
high-speed  photography  and  a  specially  designed  system  so  the  re¬ 
action  can  be  investigated  under  a  variety  of  conditions  without 
optical  interference.  In  the  absence  of  further  knowledge  in  this 
area,  the  primary  emphasis  for  future  MTI  system  design  should  be 
to  ensure  that  a  good  solid  stream  is  obtained  from  the  injector 
for  maximum  penetration  into  the  propellant.  The  orifice  diameter 
will  be  controlled  by  the  physical  characteristics  of  the  system 
and  differential  pressure  limited  to  200  lb^^sq  in.  based  on  cur¬ 
rent  injector  technology.  A  detailed  analysis  of  injector  sizing 
is  contained  in  Chap.  V.B. 

Photographic  observation  of  the  reaction  process  provided  val¬ 
uable  information  in  determining  the  size  of  the  reaction  zone  and 
variation  in  spray  pattern  and  penetration  to  aid  in  the  study  of 
heat  transfer  to  the  propellant  and  surroundings.  Additional  tele¬ 
vision  observation  of  the  process  on  many  of  the  tests  provided 
quick  information  for  system  analysis  and  development.  A  sequence 
of  photos  is  provided  in  Fig.  11-64  to  show  the  shape  and  develop¬ 
ment  of  the  combustion  zone  with  nitrogen  tetroxide  solid-stream 
surface  injection  at  100  psig  through  a  0. 006-in. -dia  orifice. 

The  photographs  were  taken  through  the  fuel  from  the  lower  camera 
port  at  a  45®  angle  to  the  liquid  surface,  and  represent  a  typical 
reaction  for  the  pressurization  process  occurring  at  on  average 
frequency  of  2  cps. 
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Fig,  11-64  Fuel  Tank  Combustion  Photographs 
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The  dimensions  of  the  combustion  zone  are  approximately  4.5 
by  0.75  in.  dia,  The  area  of  the  combustion  zone  shows  correlation 
with  the  0.1  sq  ft  assumed  in  the  analytical  model.  In  this  com¬ 
putation,  pressurization  system  performance  is  based  on  the  theo¬ 
retical  reaction  flame  temperature  for  the  anticipated  reaction 
mixture  ratio.  The  photographs  were  taken  at  128  fps  with  a  10 
mm  lens  at  an  aperature  of  f/1.8  on  Ektachrome  film.  Attempts 
to  photograph  the  reaction  from  the  top  of  the  tank  with  infrared 
film  were  unsuccessful.  The  average  duration  of  the  reaction 
process  as  determined  from  film  speed  was  approximately  0.140  sec. 
Frame  4  shows  the  reaction  fully  developed  with  a  slight  reflec- 
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surface  ripple.  At  this  time,  the  reaction  appears  to  break  into 
several  small  balls  of  fire.  The  photographs  of  the  reaction 
process  with  larger  diameter  solid-stream  orifices  show  better 
concentration  of  the  reaction  and  the  penetration  into  the  fuel 
is  greater.  As  a  result,  the  amount  of  heat  transfer  to  the  liq¬ 
uid  Increased.  Injection  system  response  was  also  measured  from 
the  time  the  electrical  signal  was  initiated  until  a  pressure  in¬ 
crease  was  noted  in  the  propellant  tank.  The  average  opening 
response  of  0.120  sec  also  Included  the  response  of  the  measuring 
and  recording  system  estimated  to  be  leas  than  0.020  sec.  The 
shutoff  response  was  considerably  faster  at  approximately  0.020 
sec.  Rapid  pressurization  termination  after  the  injector  signaled 
closed  verified  an  absence  of  fuel  autoignition;  however,  some 
pressure  rise  resulted  due  to  the  combustion  of  reagent  unreacted 
after  injector  shutoff.  Part  of  a  typical  propellant  tank  pressure 
trace  is  shown  in  Fig.  11-65.  The  nominal  combustion  duration 
from  the  pressure  trace  confirmed  the  time  of  0.140  sec  determined 
from  photographic  observation.  The  high  initial  pressure  was  due 
to  the  nitrogen  prepressurization.  In  this  case,  using  a  0.006- 
in.  -dia  injector  orifice,  a  slight  pressure  under  and  overshoot 
was  experienced  at  the  start  of  the  test  due  to  the  small  ullage 
volume.  Excellent  pressure  control  of  +0.25  psi  was  achieved 
with  5  psi /sec  pressure  rise  rate  With  the  0 . 015-in, -dia  in¬ 
jector  orifice,  the  maximum  width  of  the  pressure  band  increased 
to  1.2  psi  because  of  the  relatively  high  30  psi/sec  pressure  rise 
rate.  The  pressure  decay  rate  Increased  slightly  with  time  due 
to  an  increase  in  heat  transfer  resulting  from  the  greater  tank 
surface  area  exposed  while  the  pressure  rise  rate  decreased  at  a 
higher  rate  due  to  the  increase  in  ullage  volume.  The  result  was 
a  maximum  injector  frequency  at  the  start  of  the  test  and  lower 
frequency  at  the  end .  The  frequency  was  reduced  in  tests  with 
pressure  overshoot.  The  nominal  frequency  for  all  testa  ranged 
from  1  to  3  cps . 
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Fig.  11-65  Single  Tank  MTI  Pressure  Transient: 
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Fuel  Tank  Injection  Method  evaluation  -  The  primary  objective 
of  the  injection  system  development  test  series  was  to  determine 
if  a  significant  change  in  gas  composition  and  molecular  weight 
could  be  achieved  by  varying  the  primary  tank  injection  process. 
Other  pertinent  factors  included  reagent  consumption,  propellant 
contamination,  entrained  vapor,  system  vibration,  and  temperature 
distribution  in  the  propellant,  tank  wall,  and  ullage.  To  inves¬ 
tigate  the  reaction  phenomena,  the  following  four  methods,  which 
were  considered  to  be  representative  of  the  variety  of  possible 
reactions,  were  selected  for  evaluation: 

1)  Solid  stream  surface  injection; 

2)  Solid  stream  subsurface  injection; 

3)  15-degree  fan  spray  surface  injection; 

4)  15-degree  fan  spray  subsurface  injection. 

All  of  the  injection  system  development  tests  were  performed 
by  injecting  nitrogen  tetroxide  in  the  fuel-filled  primary  tank, 
and  subsequently  pressurising  the  water-filled  secondary  tank 
through  a  common  ullage  manifold.  Two  tenkB  were  teBted  to  verify 
satisfactory  performance  of  the  common  ullage  system  with  a  non¬ 
volatile  inert  secondary  fluid.  The  absence  of  the  secondary 
liquid  vaporization  or  reaction  permitted  a  detailed  study  of  the 
primary  gas  composition  without  complications  of  a  secondary  re¬ 
action  while  providing  a  maximum  quantity  pressurizing  gas  gener¬ 
ation.  The  inherent  flexibility  of  the  small-scale  research  test 
fixture  and  versatility  of  reagent  injection  provided  sufficient 
capability  for  system  changes  with  only  minor  adjustments  .  From 
an  analysis  of  Bystem  performance  obtained  with  the  various  meth¬ 
ods  of  reagent  injection,  the  most  desirable  system  was  estab¬ 
lished  . 

Test  Configuration  -  A  general  description  of  the  test  con¬ 
figuration  for  this  test  series  is  contained  in  Chap.  IX.B.2 
with  an  identification  of  system  instrumentation  location  and 
nomenclature  Propellants  were  loaded  to  the  30%  level  in  the 
primary  (fuel)  tank  and  to  the  5%  level  in  the  secondary  (oxi¬ 
dizer)  tank.  Initial  pressurization  of  the  system  was  adjusted 
to  40  psia  by  the  facility  helium  supply.  Subsequent  presBur- 
ization  during  propellant  expulsion  was  accomplished  by  the  com¬ 
bustion  process  and  interconnection  of  the  primary  and  secondary 
tank  ullages  by  a  l-in,-dia  line.  A  1/4-psi  differential  check 
valve  in  the  line  assured  proper  flow  direction,  and  a  mist  elim¬ 
inator  wes  installed  at  the  primary  tank  end  reduced  entrained 
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liquids  .  Reagent  flow  was  maintained  by  a  100  psig  pressurized 
1-in.  dia  calibrated  glass  tube  containing  nitrogen  tetroxide 
with  the  on-off  injector  controlled  by  a  36  +  0.25  psia  pressure 
switch.  Liquid  flow  rates  were  individually  maintained  during 
the  150-sec  test  by  remote  adjustment  of  the  flow  control  valves. 
Flow  was  terminated  automatically  by  the  propellant  tank  liquid 
low-level  sensors.  A  visual  determination  of  entrained  vapor  in 
the  expelled  propellant  was  provided  by  a  sight  glass  in  the  tank 
outlet.  The  combustion  process  was  televised  and  photographed 
through  a  lower  camera  port  in  the  propellant  tank. 

Except  for  slight  variations  in  ambient  conditions,  each  test 
was  run  under  identical  conditions.  The  actual  pressurized  volume 
was  controlled  to  close  tolerances  by  the  liquid  level  sensors 
so  that  small  variations  in  average  propellant  expulsion  rates 
could  not  significantly  affect  test  data.  System  parameters  mon¬ 
itored  during  each  test  include  propellant  tank  gas,  liquid,  and 
wall  temperatures,  as  well  as  ullage  pressure  and  reagent  tempera¬ 
ture  and  pressure.  All  parameters  except  reagent  consumption, 
which  is  determined  from  the  volumetric  change  in  the  calibrated 
supply  system,  were  recorded  along  with  propellant  flow  rates. 
Process  gas  specimens  taken  from  a  continuous  bleed  manifold  were 
chemically  analyzed  and  are  described  in  detail  in  Chap.  II .C  .3. 

Test  Results  -  A  summary  of  the  basic  teats  performed  and 
injector  systems  used  is  presented  in  the  following  paragraphs, 
with  the  significant  observations  and  system  characteristics 
identified.  Table  II-6  explaining  the  instrumentation  nomencla¬ 
ture,  and  Fig.  11-51  showing  the  location  of  each  parameter  are 
contained  in  Chap.  II.B.2. 

Solid  Stream  Surface  Injection  -  Two  test  runs  were  conducted 
using  a  0,012-in,  dia  stainless  steel  orifice  to  inject  a  solid 
stream  of  reagent  into  the  fule  tank  on  pressure  demand.  Pictures 
of  the  reaction  process  indicated  a  penetration  depth  of  approx¬ 
imately  6  in.  below  the  fuel  surface.  The  combustion  zone  was 
confined  -to  a  small  area  around  the  penetrating  reagent  and  com¬ 
bustion  stopped  when  reagent  injection  was  terminated. 

Figures  11-66  thru  11-68  represent  typical  performance  curves 
for  this  type  of  injection.  Primary  tank  gas  temperature  (310#F 
maximum)  and  pressure  (36  +  0,25  psia)  control  was  satisfactory. 
Total  reagent  consumption  during  the  run  was  0.412  lb.  Visual 
observation  detected  no  tank  vibration  or  entrained  vapors  in 
the  expelled  propellant.  Gas  analysis  indicated  an  average  com¬ 
bustion  product  molecular  weight  of  13.4  for  this  type  of  injec¬ 
tion. 
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Fig.  11-66  Presaurisation  System  Performance  Curves  with  Solid-Stream 
Surface  Injection  in  Primary  lank 
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Fig.  11-67  Primary  Tank  Internal  Temperature  Profile*  with  8olld-Stream 
Surface  Reagent  Injection 
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15-deg  Flat  Spray  Surface  Injection  -  Three  test  runs  were 
conducted  using  a  0 . 013-in .-diameter  carbide  orifice  to  inject 
a  15-deg  flat  spray  pattern  on  the  fuel  surface  on  pressure  de¬ 
mand.  The  spray  pattern  was  used  in  an  attempt  to  alter  the  gas 
composition  and  determine  the  effects  on  tank  temperature  and 
pressure  control.  Film  coverage  of  the  reaction  process  indicated 
little  or  no  reagent  penetration  below  the  fuel  surface.  The  re¬ 
action  appeared  to  be  the  combustion  of  small  reagent  droplets 
on  the  fuel  surface.  As  in  the  previous  tests,  the  reaction 
stopped  when  reagent  injection  was  stopped. 

Figures  11-69  thru  11-71  represent  typical  performance  curves 
for  this  type  of  injection.  Primary  tank  pressure  control  was 
within  +1.0  psi,  which  is  greater  than  the  required  +0.5-psi  pres¬ 
sure  range.  Primary  tank  gas  temperature  was  approximately  755'F 
for  all  test  runs,  which  is  substantially  higher  than  the  30Q°F 
desired.  Figure  11-70  illustrates  temperature  changes  from  liquid 
to  gas  as  the  temperature  rake  thermocouples  Tj--.,  and 

TiFT5  uncover  8t  approximately  85  sec .  Average  reagent  consump¬ 
tion  for  the  three  runs  was  0.634  lb. 

Visual  observation  indicated  no  primary  tank  vibration  or 
entrained  vapors  in  the  propellant  outflow.  Gas  analysis  indi¬ 
cated  a  combustion  product  average  molecular  weight  of  22.7  for 
this  type  of  injection. 

Solid-Stream  Subsurface  Injection  -  Three  test  runs  were  con¬ 
ducted  using  the  0 . 012-in. -diameter  solid  stream  orifice  located 
2  in.  above  the  outflow  baffle  splash  plate  and  directed  toward 
the  tank  outlet.  This  technique  was  tested  to  determine  the  ef¬ 
fects  of  combustion  product  regenerative  cooling  on  the  tank  tem¬ 
perature,  tank  pressure,  and  combustion  product  molecular  weight. 
One  of  the  teat  runs  yielded  only  limited  test  data  due  to  clog¬ 
ging  of  the  injector  orifice  after  50  sec  of  outflow.  Film  cov¬ 
erage  of  the  reaction  process  indicated  a  controlled  combustion 
zone  approximately  4  in.  in  diameter  around  the  injector  orifice 
resulting  in  violent  agitation  of  the  fuel.  The  combustion  zone 
flame  color  was  yellow.  As  noticed  in  the  other  injection  tech¬ 
niques,  the  reaction  stopped  when  reagent  injection  was  stopped. 
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Fig.  11-70  Primary  Tank  Internal  Temperature  Profiler  with  15-deg  Fan  Spray  Surface 
Reagent  Injection 


Fig.  11-71  Frlmary  Tank  External  Temperaturea  for  15-deg  Fan  Spray  Surface  Reagent 
Injection 
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Figures  11-72  thru  11-74  represent  typical  performance  curves 
for  this  type  of  injection  technique.  Tank  pressure  control  in 
both  tanks  was  within  a  0,5-psi  pressure  band.  Figure  11-72  shows 
that  the  fuel  ullage  temperature  started  a  steady  increase 

only  after  the  fuel  level  fell  below  the  injector  orifice.  Visual 
observation  indicated  a  definite  tank  vibration  caused  by  the  sub¬ 
surface  reagent  reaction.  The  average  reagent  consumption  for 
the  two  complete  test  runs  was  0,468  lb.  No  entrained  vapors  were 
noted  in  the  propellant  outflow.  The  combustion  product  average 
molecular  weight  was  15.6  for  this  injection  technique.  Inspection 
of  the  outflow  baffle  splash  plate  showed  no  damage  due  to  sub¬ 
surface  reagent  impingement  and  reaction. 

15-deg  Flat  Spray  Subsurface  Injection  -  Two  test  runs  were 
conducted  using  the  0,013-in.  diameter  15-deg  flat  spray  orifice 
located  2  in.  above  the  outflow  baffle  splash  plate  and  directed 
toward  the  tank  outlet.  This  technique  was  tested  to  determine 
the  effect  of  combustion  product  regenerative  cooling  and  reaction 
mixture  ratio  change  on  tank  temperature  and  pressure  control  and 
combustion  product  molecular  weight,  Film  coverage  of  the  re¬ 
action  process  indicated  a  combustion  zone  similar  to  that  of 
subsurface  solid-stream  injection  except  that  the  combustion  flame 
color  waa  white.  The  reaction  process  again  created  violent  agi¬ 
tation  of  the  fuel.  As  noted  in  previous  runs,  the  combustion 
stopped  when  reagent  injection  was  stopped. 

Figures  XI -75  thru  11-77  represent  typical  performance  curves 
for  this  type  of  injection.  Tank  temperature  and  pressure  con¬ 
trol  was  satisfactory  using  this  technique.  Pressure  control  was 
within  a  0.5-psi  pressure  band.  Tank  ullage  temperature  remained 
near  ambient  until  the  fuel  liquid  level  fell  below  the  injector 
orifice.  Average  reagent  consumption  for  these  test  runs  was 
0.412  lb.  Visual  observation  indicated  a  definite  tank  vibration 
due  to  subsurface  spray  reagent  injection.  During  the  test  runs, 
many  very  small  vapor  bubbles  were  entrained  in  the  propellant 
outflow.  The  combustion  product  average  molecular  weight  for  this 
Injection  techniques  was  17,5.  Inspection  of  the  outflow  baffle 
splash  plate  indicated  no  damage  from  direct  impingement  of  the 
injected  reagent. 
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Fig.  11-72  Pressurization  System  Performance  Curves  with  Solid-Stream  Subsurface  Injecti 
in  Primary  Tank 
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Fig.  11-73  Primary  Tank  Internal  Temperature  Profiles  with  Solid-Stream  Subsurface 
Reagent  Injection 


Time  (sec) 

Fig.  11-74  Primary  Tank  External  Temperatures  for  Solid-Stream  Subsurface  Reagent 
Injection 
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Fig.  11-75  Preesurlsation  System  Performance  Curves  with  15-deg 
Fan  Spray  Subsurface  Injection  In  Primary  Tank 
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Performance  Analysis  -  The  functional  operation  of  the  four 
injection  systems  investigated  were  considered  feasible  for  full- 
scale  system  application  except  for  the  surface  spray  technique, 
which  incurred  a  minor  explosion  in  a  retest.  This  event  resulted 
from  a  partially  plugged  injector,  which  allowed  a  high  concen¬ 
tration  of  NO2  in  the  fuel  tank.  The  presence  of  an  unreacted 

oxidizer  in  a  hydrogen-rich  atmosphere  apparently  caused  an  ad¬ 
ditional  reaction  to  be  initiated  by  the  normal  combustion  of 
N„0^  and  the  fuel .  Although  no  damage  resulted  from  this  occur¬ 
rence,  vaporized  oxidizer  must  be  avoided  in  the  primary  tank. 

The  location  of  the  injector  (either  in  the  tank  ullage  or 
below  the  liquid  surface)  did  not  impose  any  significant  opera¬ 
ting  problems.  Elimination  of  tendencies  to  entrain  vapors  in 
the  liquid  or  create  excessive  fluid  agitation  would,  however, 
require  additional  consideration  in  a  full-scale  system. 

In  all  the  tests  performed,  the  termperature  of  the  gas  in 
the  water-filled  secondary  tank  was  moderate  (60°F)  and  pressure 
control  was  excellent.  Due  to  the  large  amount  of  heat  absorbed 
by  the  common  ullage  line,  a  noticeable  amount  of  condensate  was 
detected  after  each  test.  The  quantity  and  composition  of  this 
unidentified  material  ic  discussed  in  Chap,  II. C, 3, 

The  results  of  the  injection  system  development  test  series 
are  based  on  the  twelve  tests  performed  by  the  injection  of  nitro¬ 
gen  tetroxide  into  the  fuel  tank,  with  subsequent  pressurization 
of  the  water-filled  secondary  tank  by  means  of  a  common  ullage 
manifold.  All  the  tests  performed  were  successful  except  one 
that  was  only  partially  successful  because  of  its  early  termina¬ 
tion  as  a  result  of  a  plugged  injector.  Injection  was  effected 
in  the  fuel  tank  by  both  the  surface  and  submersed  systems,  em¬ 
ploying  either  a  solid-stream  or  a  15-deg  fan  spray  injector. 
Photographs  of  the  combustion  process  are  shown  in  Fig.  11-78  for 
the  four  injection  techniques  investigated.  The  variation  in  in¬ 
jection  technique  has  been  determined  to  affect  the  reaction  proc¬ 
ess  and  alter  the  gas  composition  in  addition  to  Influencing  the 
heat  transfer  characteristics  in  the  fuel  tank.  A  summary  of  the 
average  performance  of  each  system  is  presented  in  Tables  11-11 
and  11-12 . 
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Injection 


View 


Surface 


Surface  Solid  Stream  Surface  Spray 


Subsurface  Solid  Stream  Subsurface  Spray 


Fig-  11*78  Combustion  Photographs  -  Mil  of  into 

a  50-50  Mixture  of  UDMH  and 
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Since  the  gas  molecular  weight  reported  does  not  include 
the  condensed  products  o£  reaction,  the  absolute  value  would  be 
slightly  higher  than  these  figures.  Although  the  relative  varia¬ 
tion  in  molecular  weight  has  been  definitely  established,  the 
reaction  mixture  ratio  cannot  be  determined  by  test  measurements, 
and  consequently  was  based  on  the  theoretical  equilibrium  calcu¬ 
lation  for  the  combustion  product  molecular  weight  obtained,  A 
theoretical  technique  is  also  employed  in  obtaining  the  weight  of 
combustion  products  produced;  however,  the  computation  is  based 
on  the  actual  physical  characteristics  of  the  system  for  the 
particular  test  run  and  the  corresponding  combustion  product 
molecular  weight.  From  the  results  of  this  test  series,  the 
solid-stream  surface  injection  system  was  selected  for  further 
development  in  the  live  oxidizer  test  series,  based  on  the  fol¬ 
lowing  observations: 

1)  Low  ullage  gas  molecular  weight; 

2)  Desirable  operating  temperatures; 

3)  Low  reagent  consumption; 

4)  Low  system  vibration; 

5)  Moderate  amount  of  condensibles  formed. 
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Common  Ullage  System  Development  -  After  selecting  the  most 
desirable  injection  technique,  the  next  phase  of  the  research  test 
program  was  to  develop  the  common  ullage  pressurization  technique 
using  live  oxidizer  in  the  secondary  tank.  The  development 

of  a  common  ullage  pressurization  system  for  the  hypergolic  pro¬ 
pellant  combination  was  primarily  concerned  with  the  design  of  a 
system  that  would  ensure  safe  and  reliable  system  operation.  Ad¬ 
ditional  effort  was  also  expended  to  improve  system  operating 
characteristics  and  efficiency.  To  avoid  pressure  or  temperature 
rnnrrnl  problems  In  the  secondary  tank  and  provide  stable  system 
operation,  the  common  ullage  development  program  was  centered  on 
two  basic  te.chniques ,  surface  and  subsurface  gas  Impingement. 
Several  variations  to  each  design  were  tested  to  investigate  the 
influence  of  entering  gas  velocity  and  uniform  distribution  with 
and  without  cross  flow  gas  conditioning.  A  primary  objective  of 
this  test  series  was  to  determine  the  nature  and  control  of  the 
secondary  reaction  in  view  of  the  reactive  and  potentially  reactive 
constituents  of  the  pressurizing  gaBes .  To  verify  safe  system 
operation  and  potential  capability,  several  tests  were  performed 
with  MTI  Initial  pressurization  and  a  10-min  coast  period  before 
restart  of  propellant  outflow.  Because  of  the  complexity  of  the 
problem,  the  evolved  common  ullage  configuration  was  not  recom¬ 
mended  for  full-scale  demonstration  testing. 

Test  Configuration  -  The  test  configuration  for  the  common 
ullage  development  test  series  was  basically  the  same  as  the  in¬ 
jection  system  development  test  series  and  is  described  In  Chap. 
II. B. 2.  Primary  changes  to  the  system  involved  the  various  modi¬ 
fications  to  the  common  ullage  line  and  gas  impingement  technique 
in  the  oxidizer-filled  secondary  tank.  The  common  ullage  line 
configuration  for  the  initial  tests  was  the  same  as  for  the  tests 
with  a  water-filled  secondary  tank.  This  system  employed  a 
demister  inside  the  primary  tank  at  the  entrance  to  the  upper 
dome.  An  isolation  valve  was  installed  in  the  line  for  additional 
flexibility  and  safety,  but  was  maintained  In  the  open  position 
throughout  the  test  series.  Back  flow  of  gas  was  satisfactorily 
controlled  by  Che  1/4-psi  check  valve  in  the  surface  gas  impinge¬ 
ment  tests,  thereby  preventing  any  undesirable  reactions  In  the 
primary  tank.  The  primary  tank  reagent  injection  system  was  un¬ 
changed  for  the  initial  series  of  tests. 


( 
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Since  considerable  primary  tank  gas  composition  data  were 
accumulated  by  the  original  multiple  sampling  system,  a  single 
specimen  sampling  technique  was  used  to  minimize  the  amount  of 
gas  generated.  With  the  revised  system,  samples  of  the  primary 
tank  pressurizing  gas  were  taken  directly  from  the  ullage  in  an 
evacuated  bottle  immediately  after  the  termination  of  the  test. 
Secondary  gas  samples  were  procured  with  the  sampling  system 
previously  used  for  the  primary  tank,  This  system  enabled  speci¬ 
mens  to  be  taken  remotely  at  20,  60,  120,  and  160  sec  during  the 
test  by  a  continuous-bleed  heated  system. 

Test  Results  -  The  common  ullage  system  development  program 
required  the  major  portion  of  the  Phase  I  effort.  The  test  re¬ 
sults  are  contained  in  four  parts: 

1)  Secondary  tank  surface  gas  impingement  test  series; 

2)  Secondary  tank  subsurface  gas  Impingement  test  series; 

3)  Restart  test  series; 

4)  Secondary  tank  conditioned  surface  gas  impingement 
test  series. 

The  first  two  test  series  were  150-sec  continuous  tests;  however, 
for  thorough  system  development  a  restart  demonstration  was  re¬ 
quired.  In  the  restart  test  series  the  primary  development  item, 
after  pressure  control  was  obtained,  was  a  reduction  in  secondary 
tank  vibration  inherent  in  the  subsurface  gas  injection  process. 
Since  the  vibration  level  could  not  be  reduced  below  a  3  g  double 
amplitude  level,  attention  was  directed  at  the  surface  gas  impinge¬ 
ment  process  in  a  restart  test  plan  with  cross  flow  gas  condition¬ 
ing. 


Secondary  Tank  Surface  Gas  Impingement  Teat  Series  -  This 
series  of  tests  initially  required  five  full -duration  (150  sec) 
continuous  runs  with  one  additional  test  performed  during  the  sub¬ 
surface  gas  impingement  test  series  to  investigate  the  possibility 
of  total  condensate  removal  from  the  cross  flow  gas.  The  first 
three  tests  were  performed  with  solid-stream  surface  reagent  in¬ 
jection  in  the  primary  tank  and  with  direct  impingement  of  the 
cross  flow  gas  into  the  secondary  tank.  Figures  11-79  thru  11-84 
represent  typical  pressurization  system  performance  curves  for  the 
particular  configuration. 
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Fig.  11-79  Pressurlxation  System  Performance  Curves  with  Surface 
Gas  Impingement  in  Oxidixer  Tank 


Temperature  (*F>  Temperature  <*F) 
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Fig.  11-84  Temperature*  In  Oxidizer  Tank  with  Surface  Ga*  Impingement  and 
Gunk  Condenser 
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Primary  tank  pressure  and  temperature  control  was  satisfactory, 
and  no  entrained  vapors  were  noted  in  the  fuel  outflow.  Acceler¬ 
ation  measurement  in  the  fuel  tank  X-axis  showed  a  double  amplitude 
vibration  level  of  0,13  g  in  the  fuel  tank,  The  average  reagent 
consumption  for  the  two  good  runs  was  0,311  lb. 

Secondary  tank  pressure  control  was  erratic  with  pressure 
variations  reaching  +2.5  psi.  The  maximum  temperature  in  the 
secondary  tank  ullage  was  well  above  the  300°F  desired  temperature. 
Figure  II  —  7 ci  shows  the  comparison  between  primary  and  secondary 
pressure  and  temperature  control.  The  oxidizer  flow  rate  change 
seen  in  Fig,  11-79  was  caused  by  remote  flow  control  valve  adjust¬ 
ment  to  obtain  the  desired  outflow  rate.  A  more  detailed  secondary 
tank  temperature  and  pressure  data  plot  showing  the  maximum  fluctu¬ 
ation  is  presented  in  Fig.  11-80  and  11-81,  respectively.  Injec¬ 
tion  shutdown  occurred  at  T  -  155  sec,  accounting  for  the 
decreasing  temperatures  noted  after  this  time  in  Fig,  11-82  and 
11-83,  Secondary  tank  combustion  product  molecular  weight  was 
23,3  with  an  average  ullage  molecular  weight  of  27.8  including  the 
N0^  but  not  the  helium  used  for  pressurization.  The  secondary  tank 

erratic  pressure  and  temperature  control  was  believed  to  be  caused 
by  liquid  condensate  intermittently  being  injected  onto  the  oxi- 
j  dizer  liquid  surface,  causing  secondary  reactions  between  the  oxi¬ 

dizer  vapors  and  the  combustible  constituents  of  the  combustion 
products  formed  in  the  primary  tank. 

The  next  test  performed  was  identical  to  the  previous  tests 
except  that  subsurface  sprey  injection  was  used  in  the  primary 
tank.  This  test  was  made  to  determine  if  this  injection  technique 
would  decrease  the  secondary  tank  reactions  by  altering  the  com¬ 
bustion  product  composition  oi  condensing  some  of  the  reactive 
constituents  of  the  combustion  gas  in  the  fuel. 

The  results  of  this  test  were:  primary  tank  temperature  and 
pressure  control  was  satisfactory,  and  no  entrained  vapors  were 
noted  in  the  propellant  outflow;  acceleration  measurements  showed 
a  double  amplitude  vibration  level  of  7  g  along  the  fuel  tank 
X-axis.  This  acceleration  measurement  confirmed  visual  observations 
of  tank  vibration  made  during  injection  technique  development 
tests.  Reagent  consumption  was  0.456  lb. 

Secondary  tank  pressure  and  temperature  control  was  again 
unsatisfactory.  Secondary  tank  pressure  variations  were  +  2.0  psi. 
The  maximum  tank  ullage  temperature  was  320° F,  which  was  200° 
lower  than  previous  tests  but  still  above  the  desired  maximum 
temperature.  Temperature  changes  were  erratic  and  corresponded  to 
the  pressure  variations,  indicating  the  secondary  reaction  had  not 
/  been  appreciably  reduced.  Secondary  tank  combustion  product  molec- 

-  uler  weight  was  22.7. 
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A  subsequent  test  run  was  performed  using  the  subsurface  spray 
injection  technique  identical  to  the  previous  run  except  that  the 
common  ullage  line  was  extended  into  the  oxidizer  tank  until  the 
outlet  was  approximately  2  in.  above  the  oxidizer  surface  at  test 
start  (5%  ullage).  In  addition,  the  common  ullage  line  outlet  was 
reduced  from  a  1-in.  dia  to  a  1/2-in.  dia  to  increase  the  velocity 
of  the  gas  impinging  on  the  oxidizer  surface.  This  test  was  per¬ 
formed  to  determine  the  effect  of  high  velocity  (31  fps  as  opposed 
to  7  fps  previously  used)  surface  gas  impingement  in  the  secondary 
tank. 

The  results  of  this  test  were  primary  tank  temperature  and 
pressure  control  was  satisfactory;  fuel  tank  X-axis  vibration  level 
was  6  g  (double  amplitude) . 

Secondary  tank  temperature  and  pressure  control  was  satisfactory 
to  T  +  60  sec,  at  which  time  e  sudden  temperature  and  pressure  rise 
occurred  in  the  secondary  tank.  Secondary  tank  temperature  spiked 
off  scale  (greater  than  500°F)  and  the  tank  pressure  was  sufficient 
to  rupture  a  300  +  50  psi  burst  disc  on  the  secondary  tank.  The 
cause  of  thiB  explosion  was  due  to  the  high  velocity  of  the  com¬ 
bustion  product  condensate  (gunk)  impinging  on  the  oxidizer  surface 
igniting  the  explosive  ullage  gas.  This  conclusion  is  based  on 
subsequent  determination  that  liquid  condensate  (gunk)  is  hyper- 
golic  with  liquid  N^O^,  which  in  turn  detonating  the  combustible 

constituents  of  the  pressurizing  gas. 

Because  of  the  vibration  in  subaequent  tests  associated  with 
subsurface  gas  impingement  in  the  secondary  tank,  another  test 
run  was  made  using  surface  g.s  impingement  and  a  condensate  trap 
to  reduce  secondary  tank  reactions  previously  seen  with  surface 
gas  impingement.  The  test  configuration  was  the  same  as  the  first 
surface  gas  impingement  test  except  that  the  external  demister  was 
used  in  place  of  the  internal  demister.  A  trap  designed  to  sepa¬ 
rate  liquid  particles  from  the  common  ullage  gas  was  installed  in 
the  common  ullage  line  and  submerged  in  an  ice  water  bath. 

Th»  lesulta  of  the  test  are  summarized  below  and  the  pertinent 
data  are  shown  in  Fig,  11-84. 

The  primary  tank  temperature  and  pressure  control  was  satis* 
factory  and  similar  to  teats  without  the  condenser  Installed.  No 
tank  vibration  or  entrained  vapor  in  the  propellant  outflow  was 
noted.  Reagent  consumption  vaa  0.298  lb.  The  primary  tank  gas 
■ample  wea  taken  downstream  of  the  condenser  for  this  test  and 
waa  determined  to  have  a  molecular  weight  of  14.07. 
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Secondary  tank  pressure  was  satisfactory,  with  pressure  varia¬ 
tions  within  a  0.5-psi  band.  Secondary  tank  temperature  control 
was  fair  (maximum  of  328®F),  but  maximum  tank  temperature  was 
reached  within  the  first  60  sec  and  remained  at  the  high  level 
throughout  the  remaining  102  sec  of  the  test  run.  Molecular  weight 
of  the  combustion  products  was  18.4.  Mo  vibration  was  noted  in 
the  secondary  tank.  No  entrained  vapors  were  noted  in  the  oxidiz¬ 
er  outflow.  This  test  met  all  system  requirements  except  for  the 
moderately  high  temperature  in  the  secondary  tank.  Inspection  of 
the  condensate  trap  showed  that  between  15  and  20  grams  of  gunk 
was  collected;  however,  inspection  of  the  common  ullage  line  showed 
additional  condensate  in  various  areas,  indicating  complete  gunk 
separation  had  not  been  achieved. 

Secondary  Tank  Subsurface  Gas  Impingement  Test  Series  -  The 
next  test  sequence  was  made  to  determine  the  effectB  of  subsur¬ 
face  gas  impingement  in  the  secondary  tank,  since  the  surface 
gas  impingement  had  demonstrated  poor  temperature  and  pressure 
control  in  Che  secondary  tank.  The  first  two  tests  of  this  se¬ 
quence  had  the  following  test  configuration.  Prepressurization, 
fuel  outflow  rate,  and  test  conduction  were  identical  to  the  pre¬ 
vious  surface  gas  impingement  runs.  The  oxidizer  ullage  was  in¬ 
creased  to  307.  and  the  oxidizer  flow  rate  was  decreased  to  10  gpm 
for  these  runs.  Surface  solid-stream  reagent  Injection  was  used 
in  the  primary  tank.  The  common  ullage  line  configuration  was 
the  same  except  the  line  was  extended  below  the  surface  of  the 
oxidizer  and  a  check  valve  incorporated  at  the  end  of  the  line. 

The  condensate  trap  was  removed  for  this  test  and  the  demister 
was  located  inside  the  fuel  tank.  The  line  was  reduced  in  size 
to  1/2-in.  diameter  for  the  entire  extension.  The  outlet  of  the 
check  valve  was  plugged  and  forty-eight  3/32-in.  diameter  holes 
were  drilled  in  the  valve  body  to  direct  the  common  ullage  gaB 
In  a  symmetrical  radial  pattern  from  the  end  of  the  line.  The 
plugged  outlet  of  the  check  valve  was  approximately  1/2  in.  above 
the  aecond  tank  outflow  baffle  splash  plate.  The  results  of  these 
teats  are  given  In  the  following  paragraphs. 

Primary  tank  temperature  and  pressure  control  waa  satisfactory 
and  no  entrained  vapor  waa  noted  In  the  fuel  outflow.  Average 
reagent  consumption  for  the  two  runs  was  0.377  lb.  The  combus¬ 
tion  products  average  molecular  weight  was  17.2  for  these  runs. 

Secondary  tank  pressure  and  temperature  control  was  satisfac¬ 
tory.  Secondary  tank  pressure  variation  was  within  a  0.5-psi 
band  on  both  run*.  The  maximum  ullage  temperature  attained 
(eecond  run)  wae  118®F.  Acceleration  measurements  showed  a  vi¬ 
bration  level  of  0.65  g  (double  amplitude)  for  the  secondary  tank 
X-axle  on  both  runs.  Average  combustion  product  molecular  weight 
for  the  runs  wee  22.8. 
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Based  on  these  test  results,  two  more  runs  were  made  using 
the  identical  test  configuration  except  that  the  oxidizer  tank 
was  loaded  to  a  5%  ullage  and  oxidizer  flow  rate  waa  increased  to 
14  gpm.  An  external  stainless  steel  mesh  demister  was  Incorporated 
in  the  common  ullage  line  between  the  fuel  tank  and  the  isolation 
valve  to  replace  the  internal  demister,  which  had  been  ineffective. 

Figures  11-85  thru  11-87  represent  typical  performance  curves 
for  these  test  runs.  The  general  results  of  the  runs  are  given 
in  the  following  paragraphs. 

Primary  tank  temperature  and  pressure  control  was  satisfactory 
for  both  runs.  The  injector  clogged  after  110  sec  of  the  second 
run,  but  data  from  this  run  were  very  similar  to  the  first  run  up 
to  the  point  of  injector  clogging.  Visual  observation  indicated 
no  entrained  vapor  in  the  fuel  outflow  and  no  fuel  tank  vibration. 
Reagent  usage  for  the  first  run  was  0.246  lb  (140  sec),  and  0.204 
lb  (110  sec)  for  the  second  run.  Combustion  product  molecular 
weight  waa  17.0. 

Secondary  tank  temperature  and  pressure  control  wes  good  for 
both  runs.  Pressure  control  waa  within  a  0.5-psi  band,  while  the 
maximum  tank  ullage  temperature  was  64°F.  The  outlet  plug  was 
left  out  of  the  check  diffuser  for  the  firBt  run,  resulting  in  a 
5.6  g  (double  amplitude)  vibration  level  for  the  secondary  tank 
X-axis.  The  plug  was  installed  for  the  second  run  and  the  vi¬ 
bration  level  dropped  to  3.3  g  (double  amplitude)  in  the  X-axis. 

No  entrained  vapor  was  noted  in  the  oxidizer  outflow.  Gas  analysis 
showed  an  average  combustion  product  molecular  weight  of  26.5  and 
ullage  gas  molecular  weight  of  31.5  on  a  helium-free  basis. 

Restart  Test  Series  -  The  test  series  following  the  surface 
and  subsurface  gas  impingement  evaluation  Incorporated  no  helium 
prepreBsurization.  It  included  a  simulated  coast  period  and  a 
polytropic  gas  expansion  process  to  expel  the  residual  propellants. 

The  test  sequence  followed  in  all  the  teat  runs  of  this  series 

waa: 


1)  The  common  ullage  valve  was  opened  and  both  tanks 
were  pressurized  by  injecting  reagent  into  the  fuel 
tank; 

2)  After  the  tanks  were  pressurized,  the  propellant 
outflow  was  initiated  with  a  1-sec  oxidizer  lead. 
The  outflow  was  continued  for  65  to  75  sec; 


11-142 


Flowrate  <lb/sec)  Pressure  (psia)  Temperature  (  F) 


RTD-TDR-63-1123 


50 

40 

30 

20 


Fig.  1I-8S  Pressurization  System  Performance  Curves  with  Subsurface 
Gas  Impingement  in  Oxidizer  lank 
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Fig.  11-86  Primary  Tank  Internal  Temperatures  with  Subsurface  Gas  Impingement  In 
Oxldlter  Tank 
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3)  Throttle  then  outflowed  to  zero  flow  and  a  10-min. 
coast  period  was  started  keeping  the  Injector  energized 
and  common  ullage  open; 

4)  After  the  10-mln  coast  period,  restart  was  Initiated 
by  opening  propellant  outflow  valves; 

5)  The  injector  was  de-energized  when  the  fuel  tank  low- 
level  sensor  was  uncovered; 

6)  Propeiiant  outflows  were  continued  with  poiytropic 
expansion  until  all  propellant  had  been  expelled  from 
the  tanks. 

The  first  test  configuration  in  this  series  was  Identical  to 
the  first  test  conducted  using  subsurface  gas  impingement,  The 
fuel  and  oxidizer  tanks  were  loaded  to  30%  and  5%  ullages,  re¬ 
spectively.  The  common  ullage  system  consisted  of  a  1-in,  flexline 
incorporating  the  external  demister,  isolation  valve,  and  check 
valve.  The  subsurface  gas  impingement  systems  used  the  check 
diffuser  at  the  end  of  a  1/2-ln.  tube  (located  1/2  in.  above  the 
secondary  tank  outflow  baffle). 

Figure  11-88  represents  the  primary  performance  curves  for  this 
test.  The  results  of  the  test  are  given  in  the  following  para¬ 
graphs  . 

Primary  tank  temperature  and  pressure  control  was  satisfactory. 
No  tank  vibration  or  outflow  entrained  vapors  were  noted  during 
the  test.  The  injection  technique  used  was  surface  solid-stream, 
resulting  in  a  reagent  consumption  0.459  lb  during  the  test  run. 
Combustion  product  molecular  weight  was  17.0. 

Secondary  tank  temperature  and  pressure  control  was  satisfac¬ 
tory  during  the  test  until  12  sec  after  restart,  when  a  sudden 
overpressure  and  high  temperature  occurred.  The  pressure  returned 
to  normal  after  6  sec  and  the  temperature  was  normal  after  25 
sec.  The  test  run  was  continued  satisfactorily.  The  overpressure 
and  temperature  rise  was  later  determined  to  be  due  to  a  hydrogen 
reaction  in  the  ullage,  triggered  by  combustion  product  condensate 
still  reacting  when  it  reached  the  liquid  surface.  No  entrained 
vapors  were  noted  in  the  oxidizer  outflow.  The  vibration  level 
was  similar  to  that  in  previous  testing  using  the  check  diffuser  gas 
injector  in  the  secondary  tank.  The  molecular  weight  of  the  com¬ 
bustion  products  was  25.5.  A  significant  decrease  in  hydrogen 
was  noticed  after  the  uncontrolled  secondary  reaction. 
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the  next  test  in  the  series  was  identical  to  the  first  test 
except  that  two  condensate  (gunk)  traps  were  installed  in  series 
in  the  common  ullage  line  to  minimize  the  condensate  entering 
the  secondary  tank.  The  results  of  this  test,  up  to  the  restart 
sequence,  were  almost  identical  to  the  first  run.  Twenty  seconds 
after  restart  the  oxidizer  tank  again  experienced  a  rapid  tem¬ 
perature  and  pressure  rise.  The  pressure  rise  was  sufficient  to 
rupture  one  oxidizer  tank  burst  disc  (300  +  50  psi).  The  maximum 
secondary  tank  temperature  was  greater  than  500°F.  Reagent  usage 
was  0.415  lb  at  shutdown,  because  of  the  ruptured  burst  disc. 

Tlic  prcbcililc  c ciuc c  cf  the  t ep i. d  pressure  r*ise  v.’ss 

the  same  as  in  the  previous  test.  Figure  11-48  is  a  photograph  of 
the  test  configuration  for  this  test  run. 


The  third  test  in  thlB  series  incorporated  a  different  common 
ullage  line  confuguratlon.  The  common  ullage  line  was  reduced  in 
size  to  a  1/4-in,  atainlesa  steal  line  with  a  0.035-in.  wall 
thickness,  The  entire  line  was  insulated  to  prevent  cooling  of 
the  common  ullage  gases.  The  purpose  of  this  configuration  was 
to  increase  the  gas  velocity  and  decrease  the  heat  transfer  sur¬ 
face,  to  keep  the  gunk  entrained  in  the  common  ullage  gases  and 
prevent  it  from  condensing  in  large  quantities.  The  common  ullage 
line  entered  the  second  tank  through  a  port  on  the  tank  bottom. 

A  gas  diffuser,  a  short  tube  with  three  3/32-in.  dla  holes,  was 
used  as  a  gas  injector.  The  isolation  valve  was  a  1/4-in.  sole¬ 
noid  valve.  Two  check  valves  were  incorporated  in  the  common 
ullage  line  to  prevent  back  flow  from  the  oxidizer  tank  to  the 
fuel  tank.  The  remaining  test  configuration  was  identical  to  the 
previous  test  run.  Figures  11-89  and  11-90  show  typical  perform¬ 
ance  curves  for  this  type  of  test  run. 

Primary  tank  temperature  and  pressure  control  was  satisfactory. 
No  entrained  vapors  were  noted  in  the  fuel  outflow.  Visual  ob¬ 
servation  indicated  slight  primary  tank  vibration  during  this 
run.  This  vibration  was  probably  transmitted  from  the  secondary 
tank  through  the  solid  common  ullage  line.  Reagent  consumption 
was  0,434  lb.  Combustion  products  molecular  weight  was  17,7. 


Secondary  tank  temperature  and  pressure  control  was  satisfac¬ 
tory.  The  pressure  drop  of  8  psld  through  the  common  ullage 
line  was  later  found  to  be  due  to  an  undersized  isolation  valve. 
No  entrained  vapors  were  noted  in  the  oxidizer  outflow.  Second¬ 
ary  tank  vibration  level  was  3  g  double  amplitude  during  this 
run.  The  molecular  weight  of  the  combustion  products  was  24,7, 
giving  a  total  molecular  weight  of  33.4  for  the  secondary  tank 
gas. 
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The  fourth  test  run  was  the  same  as  the  previous  run  except 
that  the  1/4-in.  common  ullage  valve  was  replaced  with  a  1/2-in. 
valve  to  decrease  pressure  drop,  and  the  gas  injection  diffuser 
was  replaced  by  a  diffuser  with  twenty  0.040-in.  dia  holes.  The 
results  of  the  test  were  similar  to  those  of  the  previous  run. 
Temperature  and  pressure  control  was  satisfactory  in  both  tanks. 

No  entrained  vapors  were  noted  in  the  propellant  outflows.  Tank 
vibration  was  the  same  as  that  described  in  the  previous  run. 

Reagent  consumption  was  0,42b  lb.  Erosion  of  t*ha  injactnv  orifice 
resulted  in  c  combination  solid-stream  spray  injection  pattern 
that  caused  the  high  reagent  consumption  typical  of  surface  spray 
Injection  techniques.  Molecular  weights  of  primary  and  secondary 
tank  combustion  products  were  19.3  and  20.5,  respectively.  Common 
ullage  line  pressure  drop  was  again  high,  and  a  1-in.  isolation 
valve  was  later  installed  to  reduce  the  pressure  drop  to  0,5  psid. 

Three  runs  were  then  made  to  obtain  the  desired  secondary  tank 
pressurization  performance.  In  addition  to  replacing  the  common 
ullage  Isolation  valve  and  eliminating  the  lower  check  valve,  the 
3/8-in.  dia  gas  diffuser  was  modified  by  Increasing  the  number  of 
holes  to  sixty.  Additional  tests  were  performed  to  improve  system 
operation,  however,  the  performance  obtained  is  representative  of 
the  final  configuration  evolved,  Detailed  data  are  included  in 
Fig.  11-91  and  11-92.  An  actual  data  history  of  a  run  with  a  5- 
min  coast  is  presented  in  Fig.  11-93.  Pressure  and  temperature 
control  were  good  in  both  tanks.  There  was  no  evidence  of  en¬ 
trained  vapor  in  the  expelled  propellant,  Oxidizer  tank  vibration 
was  again  3  g  double  amplitude  at  an  average  frequency  of  1  cps . 
Typical  performance  for  this  type  test  indicated  a  maximum  primary 
tank  gas  temperature  of  156#F  and  51°F  in  the  secondary  tank  with 
an  average  reagent  consumption  of  0.436  lb.  The  650°F  temperature 
rise  detected  periodically  in  the  common  ullage  line  was  attributed 
to  a  gunk  reaction  with  nitrogen  tetroxlde. 

To  reduce  the  vibrations  in  the  secondary  tank,  uniform  gunk 
injection  was  provided  by  a  horizontal  S-shaped  subsurface  gas 
diffuser  with  outlet  ports  designed  to  eject  gunk,  forced  to  the 
tube  wall  by  centrifugal  force,  at  predetermined  distances.  This 
system  is  shown  in  Fig.  11-94.  This  test  resulted  in  a  sudden 
secondary  reaction  32  sec  after  the  coast  period.  No  reduction 
in  vibration  was  noticeable  before  the  test  ended. 
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A  second  test  was  performed  with  a  vortex  separator  installed 
in  the  gas  crossflow  line  to  reduce  gunk  injection.  However,  the 
amount  that  gunk  injection  was  reduced  (approximately  20  grams) 
was  insufficient  to  noticeably  reduce  the  secondary  reaction  or 
vibration  levels.  This  configuration  prolonged  the  detonation 
to  50  sec  after  the  coast  period.  The  cause  of  the  previous  explo¬ 
sions  was  attributed  to  insufficient  stay  time  of  the  burning  gunk 
below  the  liquid  surface.  This  resulted  in  ignition  of  the  hydro¬ 
gen  in  the  oxidizer  tank  ullage.  A  20-in.  long  straight  horizontal 
diffuser  was  then  installed  in  the  tank  with  downward  gas  diffusion 
provided  by  65  0 ,040-in. -din  holes.  The  test  was  completed  satis¬ 
factorily  until  a  drop  of  gunk  apparently  dripped  from  the  gas  dif¬ 
fuser  after  it  was  uncovered  by  the  oxidizer.  This  caused  a  minor 
explosion  at  shutdown.  Since  vibration  was  not  reduced  in  any  of 
the  tests,  attention  was  then  directed  to  developing  a  surface  gas 
imp ingement  system. 

Secondary  Tank  Conditioned  Surface  Gas  Impingement  Test  Series  - 
The  investigation  of  secondary  tank  pressurization  by  conditioned 
common  ullage  surface  gas  impingement  was  primarily  initiated 
when  attempting  to  reduce  the  vibration  caused  by  the  secondary 
reaction,  A  noticeable  reduction  in  oxidizer  tank  ullage  gas 
molecular  weight  was  also  realized  in  the  successful  tests.  A 
lack  of  consistent  performance  discouraged  development  and  a  suc¬ 
cessful  system  was  not  conceived.  Because  of  the  complex  nature 
of  reactive  constituent  and  elaborate  gas  conditioning  equipment 
required  to  eliminate  undesirable  secondary  reactions,  additional 
investigation  of  gunk  elimination  techniques  appears  unwarranted. 

The  research  test  effort  was  primarily  concerned  with  investigating 
three  basic  oxidizer  pressurization  techniques  for  using  surface 
cross-flow  gas  impingement: 

1)  Gas  filtration  by  chemical  or  mechanical  means; 

2)  Gas  neutralization  by  chemical  reaction; 

3)  Gas  decomposition  by  catalysis. 

All  of  the  systems  were  based  on  eliminating  the  reactive  con¬ 
stituent  rather  than  hydrogen  since  a  low  molecular  weight  pres¬ 
surizing  gas  was  desired.  Although  hydrogen  pressurization  of  an 
oxidizer  tank  is  not  the  present  missile  pressurization  method,  an 
investigation  of  this  technique  demonstrated  safe  operation  if  the 
ignition  Bource  is  eliminated. 

Initial  tests  were  performed  with  a  cross-flow  gas  filter  con¬ 
sisting  of  a  vortex  separator  a,.d  a  filter  containing  spun  glass, 
calcium  carbonate,  and  activated  carbon.  Two  tests  were  performed 
with  both  tanks  loaded  to  57.  ullage  and  prepressurized  with  the  MTI 
system.  Although  the  first  test,  a  10  minute  coast  and  restart, 
was  performed  satisfactorily  with  good  pressure  and  temperature 
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control,  a  small  amount  of  gunk  was  evident  in  the  line  downstream 
of  the  filter,  Figure  II-9S  shows  typical  performance  for  this 
run,  which  is  considered  representative  for  common  ullage  oxidizer 
tank  pressurization  with  gunk  elimination,  A  comparable  subsurface 
gas  impingement  test  is  presented  in  Fig.  11-96.  The  accumulation 
of  gunk,  however,  apparently  caused  an  oxidizer  tank  overpressuri¬ 
zation  in  a  subsequent  test. 

Performance  Analysis  -  Relatively  consistent  performance  was 
obtained  during  the  common  ullage  development  test  series  with 
both  the  surface  and  subsurface  gas  injection  process  in  the  secon¬ 
dary  tank  for  a  continuous  test.  Only  two  mechanical  failures 
were  noted.  The  first  problem  occurred  in  the  primary  tank  with 
solid-stream  surface  reagent  injection  when  the  orifice  vac  dam¬ 
aged  by  erosion,  causing  a  spray  injection  pattern  (sec  Fig. 

11-97)  .  No  serious  consequence  occurred  and  tbe  test  was  continued 
for  the  planned  150-sec  duration.  Subsequent  analysis  of  the  test 
data  indicated  the  high  gas  molecular  weight  and  temperature  char¬ 
acteristic  of  this  type  process,  However,  the  secondary  tank  tem¬ 
perature  was  somewhat  lower  (310°F)  than  was  experienced  with  the 
undamaged  injector  for  the  surface  gas  impingement  tests  (SOO^F). 

The  second  problem  occurred  in  the  secondary  tank  after  teat 
termination,  when  the  oxidizer  was  being  recycled  for  propellant 
sampling.  While  the  main  tank  was  being  reloaded,  oxidizer 
leakage  past  the  check  valve  diffuser  reacted  with  condensed  gunk 
upstream  of  the  check  valve  poppet.  The  reaction  caused  severe 
damage  to  the  check  valve  poppet  (see  Fig.  11-98),  but  no  other 
damage  from  the  reaction  was  noted.  In  the  subsequent  repair  of 
the  common  ullage  line,  the  internal  demister  showed  signs  of  ex¬ 
cessive  fuel  tank  temperatures,  which  probably  resulted  from  the 
failed  injector.  Figure  11-99  shows  the  demister  element  and  the 
end  caps  partially  melted  by  the  reaction  process.  A  1/2-ln.  dia 
by  2-in.  tubular  extension  was  welded  to  the  injector  orifice  to 
provide  proper  direction  to  the  stream  in  future  cases  of  injector 
stream  distortion. 

Either  subsurface  or  surface  gas  Injection  in  the  secondary 
tank  can  be  employed  in  continuous-type  tests  with  proper  gunk 
control.  Gunk  elimination  is  mandatory  for  surface  gas  impinge¬ 
ment  in  the  oxidizer  tank  to  provide  stable  pressure  control  and 
moderate  temperatures.  Proper  gunk  injection  is  required  for 
subsurface  gaa  impingement.  The  principal  technique  used  in 
either  method  is  to  eliminate  the  combustion  of  large  concen¬ 
trations  of  hydrogen  by  maintaining  the  gunk  reaction  below  the 
liquid  surface  or  eliminating  the  gunk  reaction  entirely. 
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Fig.  11-98  Check  -  Diffuser  Poppet 
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f'ig^  11-99  Failed  Demister  Parts  Resulting  from  Faulty  Injector 
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The  reaecive  constituents  can  be  isolated  before  test  by 
readily  available  check  valves  or  compatible  solenoid  valves  of 
moderate  response.  During  propellant  outflow  with  subsurface  gas 
impingement,  reactions  were  observed  in  the  cross  flow  line,  but 
temperatures  recorded  were  generally  less  than  500°F.  A  25°F  rise 
in  the  common  ullage  line  (TgQuo)  at  T  +  20  sec  was  due  to  the 

presence  of  when  the  reactive  constituents  entered  this  area 

(Fig.  11-87),  In  most  cases  the  reaction  occurred  at  the  gas  dif¬ 
fuser,  inr)  :i  high  reaction  temperature  was  evident  from  the  dis¬ 
coloration  of  the  stainless  steel  part. 

The  common  ullage  development  test  series  was  primarily  con¬ 
cerned  with  two  basic  methods  of  achieving  satisfactory  system 
performance: 

1)  Proper  gas  impingement  to  stabilize  the  secondary 
reaction; 

2)  Elimination  of  the  secondary  reaction. 

A  variation  in  the  type  of  gas  impingement  technique  (subsur¬ 
face  or  surface)  had  indicated  that  the  primary  problem  encountered 
was  the  difficulty  in  controlling  the  secondary  reaction.  Initial 
teats  with  the  secondary  reaction  at  the  oxidizer  surface  resulted 
in  unstable  pressure  control  and  excessive  temperatures.  Subse¬ 
quent  tests  with  the  secondary  reaction  below  the  oxidizer  surface 
demonstrated  adequate  pressure  and  temperature  control.  However, 
the  safety  hazard  and  propellant  tank  vibrations  warrant  additional 
study,  Attempts  to  eliminate  the  reaction  by  various  means  were 
only  moderately  successful,  and  the  subsurface  gas  injection  common 
ullage  technique  was  considered  unsafe  for  future  development. 

Table  11-13  summarizes  the  common  ullage  development  test  data 
for  a  continuous  test  with  solid-stream  surface  reagent  Injection 
in  the  primary  tank,  A  more  detailed  analysis  of  system  operating 
temperature,  based  on  data  acquired  during  the  entire  Phase  I  pro¬ 
gram,  is  presented  in  Fig,  11-100  and  11-101.  Additional  informa¬ 
tion  concerning  gas  composition  can  be  found  in  Chap,  1I.C.1. 
Typical  propellant  analysis  data  for  the  selected  process  are  shown 
in  Table  11-14.  Table  11-15  summarizes  the  common  ullage  develop¬ 
ment  test  data  for  a  restart  test  with  solid  stream  surface  reagent 
injection  in  the  primary  tank. 
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Table  11-13  MTI  Common  Ullage  System  Evaluation-Continuous  Test 


Gas  Molecular  Weight  [ 

Type  Run 

AT  (#f) 
gasv 

Combustion 

Product 

Combustion 
Product  and 
Propellant  Vapor 

(P)  Surface  Solid  -  30%  Ullage 

212 

17 

(S)  Subsurface  -  5%  Ullage 

8 

31.6 

(P)  Surface  Solid-30%  Ullage 

180 

18.2 

18.2 

(S)  Surface  -  5%  Ullage 

480 

22 

27.8 

(PI  Surface  Solid 

202 

14.07 

14.07 

(S)  surface  with  Gunk 

Condenser  -  5%  Ullage 

252 

13.33 

21.05 

Note:  (P)  Primary  Tank  (fuel),  (S)  Secondary  Tank  (oxidizer) 


Table  11-14  Propellant  Analysts  -  Common  Ullage  Teat  Series 


X  Change  in  Concentration,  150-sec  Test 


Propellant 

Condition 


Maximum 

Change 


Average 

Change 


Note :  1.  Primary  Tank  -  Solid-Stream  Surface  Reagent  Injection 

2.  Secondary  Tank  -  Subsurface  Gas  Impingement 

3.  Maximum  change  represents  change  in  propellant  composition 
entered  on  engine. 

4.  Average  change  represents  actual  change  in  total  propellant 
composition. 
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Fig,  11-100  Phase  I  Fuel  Tank  Gas  Temperature 
vs  Reagent  Consumption 
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Fig.  11-101 


Phase  1  Fuel  Tank  Wall  Temperature  Increase  vs  Gas 
Temperature  Increase 
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Table  11-15  Mil  Common  Ullage  System  Evaluation-Restart  Test 


Molecular  Weight 

H 

Gcis 

Combustion 

El 

Tempera- 

Products  and 

Gunk 

t  urs 

Cotnhii  sf  i  nn 

Prnn^l 1  Art 

EM 

Trapped 

Type  Run 

(°F) 

Product 

Vapor 

(lb) 

(lb) 

(P) 

Surface  Solid  -  30% 
Ullage 

122 

17.16 

17.16 

0.440 

None 

(S) 

Subsurface  -  57. 
Ullage 

19 

25.57 

30.85 

(P) 

Surface  Solid  -  5% 
Ullage 

138 

13.77 

13.77 

0.258 

None 

<s) 

Surface  -  57. 

Ullage 

5 

23.61 

29.9 

(P) 

Surface  Solid  -  57. 
Ullage 

337 

16.0* 

16.0* 

0.318 

Unknown 

(8) 

Subsurface  -  57. 

Ullage  with  CR0- 
Reactor  J 

260 

20.43 

27.0 

(P) 

Surface  Solid  -  57. 
Ullage 

135 

16.0* 

j.6.0* 

0.402 

0.06 

(S) 

Subsurface  with 
Filter  and 

Separator  -  57. 
Ullage 

70 

17.0 

24.0 

♦Assumed  average  molecular  weight. 
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The  high  molecular  weight  of  the  primary  tank  combustion 
products  was  apparently  due  to  vaporized  gunk  increasing  the 
nitrogen  content  of  the  specimen.  Variations  in  molecular  weight 
of  the  secondary  tank  combustion  products  were  due  to  the  change 
in  gas  impingement  technique.  A  change  in  total  secondary  tank 
gas  molecular  weight  was  also  evident  from  variations  in  NO^  con¬ 
centration  resulting  from  the  method  of  gas  impingement.  The 
reagent  consumption  reported  included  only  that  portion  that  was 
injected  into  the  fuel  tank.  Any  additional  oxidizer  consumed 
in  the  secondary  gunk  reaction  was  not  identified.  Since  the 
actual  reaction  of  the  mass  of  gunk  could  not  be  directly  measured, 
a  material  balance  was  conducted  to  determine  the  quantity  of 
products  generated  based  on  the  propellant  and  gas  analysis  per¬ 
formed.  Chapter  III. A  includes  a  detailed  presentation  that  can 
be  used  to  assess  the  weight  of  the  K1’I  system  for  the  particular 
process  selected. 

Subsequent  testing  with  the  subsurface  gas  impingement  common 
ullage  system  was  primarily  designed  to  evaluate  full  system 
capability  and  investigate  several  vibration  reduction  techniques. 
During  this  portion  of  the  test  series,  two  minor  explosions  in 
the  secondary  tank  occurred  on  separate  testa  after  the  system 
was  shut  down  for  10  min  and  then  restarted.  One  explosion  gen¬ 
erated  pressures  sufficiently  lower  than  the  relief  features  to 
provide  ullage  gas  analysis  both  before  and  after  the  unexpected 
reaction.  From  the  reduction  in  hydrogen  noted  in  the  gas  samples 
taken  after  the  explosion,  it  became  apparent  that  there  should 
be  additional  development  effort  with  the  subsurface  gas  impinge¬ 
ment  process . 

The  test  results  and  additional  gas  composition  data  indicate 
that  the  hydrogen  is  ignited  in  the  N0^  atmosphere  by  hypergollc 

fuel-rich  gunk  reaction  with  N.O, ,  Variations  in  the  gas  injector 

i  4 

design  showed  hydrogen  concentration  reductions  due  to  subsurface 
combustion,  High  hydrogen  concentrations  in  the  pressurising 
gas  did  not  always  result  in  any  significant  reaction.  By  con¬ 
trolling  the  gunk  reaction  below  the  surface  of  the  liquid,  the 
hydrogen  reaction  was  avoided,  and  secondary  tank  vibrations 
were  reduced  from  approximately  8  g  to  3  g. 

The  ability  to  pressurize  the  tank  initially  by  the  reaction 
process  was  not  as  significant  as  the  stability  obtained  after 
restart.  However,  the  increased  concentration  of  hydrogen  pro¬ 
vided  verification  of  system  performance  under  adverse  conditions. 
The  polytropic  decay  used  for  residual  propellant  expulsion  is 
particularly  important  to  reduce  residual  propellants.  It  is  also 
important  to  demonstrate  adequate  system  capability  with  the  gas 
diffuser  above  the  oxidizer  surface,  where  a  gunk  reaction  could 
possibly  initiate  a  violent  hydrogen  reaction. 
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Parametric  Testing  -  The  parametric  test  series  was  performed 
with  two  basic  Mil  pressurization  concepts;  the  common  ullage  tech¬ 
nique  and  the  dual  reagent  injection  method.  Consequently  the  test 
effort  during  this  portion  of  the  research  program  involved  pres¬ 
surization  of  the  oxidizer  tank  hy  fuel  injection.  From  the 
experience  gained  during  the  development  of  a  fuel  tank  pressuri¬ 
zation  system,  only  the  surface  solid  stream  reagent  injection 
system  was  tested  to  obtain  the  desired  regenerative  cooling  with 
minimum  system  vibration.  During  this  test  series  the  effects 
of  system  vibration  on  pressurization  performance  was  investigated 
at  the  36  psin  operating  pressure.  Subsequent  tests  were  performed 
at  36  and  100  psin  on  the  common  ullage  conf igurat ion  and  at  36, 
100,  and  200  psin  on  both  the  fuel  and  oxidizer  tank  individual' 
pressurized  by  identical  reagent  injection  systems.  Satisfactory 
performance  was  obtained  for  tlie  dual  reagent  injection  pressuri¬ 
zation  syseem  over  the  operating  pressure  range  investigated. 

Test  Configuration  -  The  system  configuration  for  the  common 
ullage  tests  was  identical  to  the  optimum  system  developed  pre¬ 
viously  that  incorporated  a  2^  in.  long,  3/8  In.  dia  vertical  sub¬ 
surface  impingement  gas  injector  tube  with  60  0.040-in.  dia  holes, 
A  single  check  valve  was  Incorporated  in  the  3/8  in.  by  0.035  In. 
stainless  steel  uninsulated  common  ullage  line  without  a  demister 
In  the  fuel  tank  exit.  A  parallel  sight  glass  was  used  in  the 
reagent  supply  system  for  the  100  psia  testB  to  provide  the  addi¬ 
tional  pressurization  capacity.  The  0.014-in.  injector  orifice 
was  satisfactory  for  all  the  parametric  teats  performed.  An  in¬ 
jector  differential  pressure  of  approximately  75  psia  was  main¬ 
tained  during  each  test.  Since  the  injector  orifice  was  optimumly 
sized  for  a  larger  ullage,  pressure  control  was  not  as  precise 
with  the  initial  5%  ullage  volume  single  tank  tests.  To  provide 
a  direct  comparison  of  ail  data  accumulated,  identical  propellant 
loads  and  expulsion  rates  were  maintained  to  achieve  a  150-sec 
test  duration.  Helium  prepreBsurization  of  the  5%  initial  ullage 
volume  was  adjusted  to  approximately  1%  greater  than  operating 
pressure  before  each  test.  Since  the  time  span  between  tests  was 
relatively  small  and  an  ambient  temperature  of  approximately  75*F 
prevailed  during  this  test  series,  the  data  compiled  were  repre¬ 
sentative  . 

Test  Results  -  The  common  ullage  parametric  tests  were  per¬ 
formed  first,  followed  by  the  fuel  and  oxidizer  separate  reagents 
injection  tests.  A  detailed  description  of  the  tests  performed 
is  included  in  the  following  paragraphs. 
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Common  Ullage  Parametric  Tests  -  Since  the  common  ullage  sys¬ 
tem  operated  at  36  psia  several  times  previously,  additional  per¬ 
formance  data  were  desired  under  conditions  of  primary  tank 
vibration  to  determine  the  extent  of  process  alteration  due  to 
slosh.  Satisfactory  pressure  control  and  negligible  process  ef¬ 
fects  were  verified  by  imparting  a  horizontal  random  vibration 
of  +0,25  in.  displacement  at  an  average  frequency  between  1  and  3 
cps .  Test  performance  is  shown  in  Fig.  11-102 

Pressure  control  in  both  tanks  was  good.  The  following  maximum 
variations  occurred  in  the  fuel  tank:  lk  psi  up  to  10  sec,  1  psi 
at  10  to  60  sec,  and  k  psi  after  60  sec.  The  oxidizer  pressure 
fluctuations  were  less  than  1  psi.  Maximum  ullage  gas  temperature 
was  208°F  in  the  fuel  tank  and  67°F  in  the  oxidizer  tank.  An  in¬ 
crease  in  common  ullage  temperature  occurred  at  the  start  and  end 

of  test  because  of  the  oxidizer  reaction  with  gunk.  A  pressure 
pickup  was  installed  in  the  oxidizer  tank  lower  dome  to  verify 
the  absence  of  severe  detonation.  Maximum  pressure  surges  detected 

were  less  than  5  psi,  although  8  g  double  amplitude  vibration 

levels  were  detected  when  the  system  was  supported  by  wire  ropes. 
There  was  no  significant  effect  on  the  reagent  consumption  of 
0.277  lb  for  the  187-sec  test.  A  gas  sample  was  not  taken,  how¬ 
ever,  an  average  combustion  product  molecular  weight  of  23.75  is 
expected  in  the  oxidizer  tank  With  primary  combustion  products 
of  16.0. 


A  second  test  was  performed  at  100  psia.  The  only  change  to 
the  configuration  consisted  of  an  increased  reagent  supply  capacity. 
Reagent  consumption  increased  to  0.705  lb  for  the  147-sec  test. 

Since  propellant  tank  pressure  was  controlled  by  a  facility-type 
instrument,  the  pressure  control  tolerance  was  wider  than  in  the 
36  psia  pressure  tests.  Figure  11-103  presents  the  performance 
of  this  run.  The  figure  indicates  that  marginal  flow  capacity  of 
the  injector  resulted  in  a  low  tank  pressure  during  the  latter 
portion  of  the  test. 

Maximum  ullage  gas  temperatures  were  596°F  in  the  fuel  tank 
and  89®F  in  the  oxidizer  tank.  Common  ullage  line  temperature  was 
not  monitored  for  this  test.  However,  a  slight  detonation  at  100 
sec  was  detected  and  later  determined  to  have  occurred  from  a  burst 
gaB  diffuser.  With  the  gas  diffuser  damaged  (Fig.  11-104),  there 
was  not  sufficient  time  to  run  the  common  ullage  system  at  200  psia. 

Combustion  product  molecular  weight  was  21.5  in  the  fuel  tank 
(indicating  a  definite  increase  at  the  higher  pressure)  and  28.0 
in  the  oxidizer  tank.  Although  vibration  measurements  were  not 
taken  for  this  test,  the  level  appeared  to  be  approximately  the 
same  as  the  previous  test. 
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Fuel  Tank  Parametric  Tests  -  The  36-psia  fuel  tank  pressur¬ 
ization  test  was  rerun  during  this  test  series  to  correlate  the 
data  with  the  subsequent  higher  pressure  tests,  Figure  11-105 
is  a  plot  of  the  data  obtained.  The  data  are  in  agreement  with 
previous  low-pressure  tests.  Maximum  pressure  variation  at  the 
start  of  the  test  was  2  psi  diminishing  to  \  psi  after  20  sec. 

The  wide  pressure  control  tolerance  was  due  to  the  oversized  in¬ 
jector.  Maximum  ullage  temperature  was  136°F  with  0.188  lb  of 
reagent  consumed  during  the  140-sec  test. 

Second  and  Third  tests  were  later  run  on  the  same  clay  at  100 
and  200  psia  .  The  data  are  shown  in  Fig.  11-106  and  11-107, 
Pressure  control  in  each  test  was  between  1  and  2%  due  to  a  less 
sensitive  pressure  switch  than  used  during  the  low-pressure  test. 
Injector  flow  capacity  was  adequate  for  the  100-psia  test,  but 
only  marginal  during  the  200  psia  test.  Reagent  consumption  was 
0.421  lb  for  the  100  psia  test  with  a  maximum  ullage  gas  tempera¬ 
ture  of  349°F  for  the  131-sec  test.  CombuBtion  product  molecular 
weight  was  21.5  compared  to  20.5  for  the  2ju  psia  test.  This 
discrepancy  in  molecular  weight  is  within  the  normal  distribution 
and  implies  an  increase  in  molecular  weight  over  a  36-psia  test. 

For  the  200  psia  test,  reagent  consumption  was  0.629  lb  with  a 
maximum  ullage  gas  temperature  of  660°F  for  the  100-sec  test, 

Oxidizer  Tank  Parametric  Tests  -  The  first  attempts  at  pres¬ 
surization  of  the  oxidizer  tank  by  solid  stream  surface  fuel  in¬ 
jection  resulted  in  an  excessively  high  ullage  gas  temperature 
of  560“F  at  the  36  psia  test  pressure.  Figure  11-108  shows  the 
undesirable  performance  that  was  caused  by  a  partial  spray  in¬ 
jection  pattern.  Reagent  consumption  for  this  170-sec  test  was 
0.161  lb.  Pressure  control  was  within  4  to  5  psi  during  the  ini¬ 
tial  10%  of  the  test  due  to  the  rapidly  varying  ullage  gas  tem¬ 
perature.  Combustion  product  molecular  weight  was  28.52.  A 
retest  was  made  with  a  good  0.014-in.  dia  injector  orifice.  The 
data,  presented  in  Fig.  11-109,  indicate  a  significant  reduction 
in  reagent  consumption  and  gas  temperature.  A  comparison  of  the 
ullage  gas  temperature  profiles  of  identical  tests  is  shown  in 
Fig.  11-110.  Reagent  consumption  was  0,148  lb  and  maximum  ullage 
gas  temperature  153 'F  for  the  204-sec  test.  Tank  pressure  maximum 
variation  was  2  psi,  decreasing  to  \  psi  later  in  the  test.  In 
general,  the  performance  of  the  oxidizer  system  was  similar  to 
the  fuel  tank  system  with  a  somewhat  lower  operating  temperature 
and  reagent  consumption  due  to  the  high  mole  fraction  of  vaporized 
main  propellant.  At  higher  operating  pressures,  however,  the  re¬ 
agent  consumption  for  oxidizer  tank  pressurization  was  higher  than 
the  fuel  tank  due  to  the  correspondingly  lower  mole  fraction  of 
vaporized  propellant. 
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Subsequent  oxidizer  tank  pressurization  runs  were  made  at 
100  and  200  psia.  The  satisfactory  performance  of  the  100-psia 
test  is  shown  in  Fig.  11-111 .  Reagent  consumption  was  0.448  lb 
for  the  100-psia  test  of  200-sec  duration.  Pressure  control  was 
within  ±2  psi  with  a  maximum  ullage  gas  temperature  of  302®F, 
Combustion  product  molecular  weight  reported  to  be  29.9  for  the 
100  psia  test  compares  with  the  29.5  obtained  in  the  200  psia 
test.  Figure  11-112  presents  the  200  psia  test  data.  Maximum 
ullage  gas  pressure  variation  was  10  psi  with  a  581°F  maximum 
temperature  indicated.  Reagent  consumption  was  0.655  lb  for  the 
180  sec  operation.  Variations  in  propellant  flow  control  for  the 
100  and  200  psia  tests  was  due  to  facility  mechanical  difficulties, 
while  the  temperature  increase  shown  in  Fig.  11-112  was 

apparently  due  to  the  proximity  of  the  combustion  zone. 

Performance  Analysis  -  Results  from  the  parametric  test  series 
show  that  satisfactory  performance  was  achieved  with  the  MTI  dual 
Injection  pressurization  system  for  operating  pressures  of  36  to 
200  psia.  There  were  negligible  effects  resulting  from  Blosh  or 
vibration.  Summarized  data  are  presented  in  Table  11-16  for  both 
the  dual  injection  and  common  ullage  pressurization  systems.  All 
of  the  data  were  accumulated  with  a  0  .0135-in ,-dia  solid  stream 
injector  orifice  at  a  75  psi  Injector  differential  pressure. 

Table  11-16  Summary  Phase  I  Parametric  Deta 


Tank 

Pressure 

(psia) 

Max  Gas 
Temp  (°F) 

Reagent 

Gas  Molecular  Weight 

Used  (lb) 

Comb  Prod 

Ullage 

Individual  Tank  Reagent  Injection 

Fuel 

36 

mm 

0.188 

16.0 

16.0 

Oxidizer 

36 

mm 

0.151 

29.5 

36.53 

Fuel 

100 

349 

0.421 

21 .5* 

21.5* 

Oxidizer 

100 

300 

0.448 

29,87 

35.79 

Fuel 

200 

660 

0.629 

20.46 

20.46 

Oxidizer 

200 

580 

0,665 

29.54 

35.30 

Common  Ullage  Pressurization  | 

Fuel 

36 

mm 

16.0 

Oxidizer 

36 

1 

23.75 

Fuel 

596 

21.5 

Oxidizer 

89 

■Ml 

28.0 

|  32.8 

*Based  on  common  ullage  test. 
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The  influence  of  tank  pressure  on  pertinent  operating  parameters 
is  shown  in  Fig.  11-113  for  the  dual  injection  system.  Although 
the  trends  are  representative  of  a  particular  system  with  a  def¬ 
inite  size  and  heat  capacity,  several  less  desirable  characteris¬ 
tics  are  encountered  at  the  higher  operating  pressures: 

1)  Ullage  gas  differential  temperature  increases  propor¬ 
tional  to  the  tank  pressure; 

2)  Fuel  tank  combustion  product  molecular  weight  appears 
to  increase  with  pressure; 

3)  Partial  pressure  of  propellant  vapor  in  the  oxidizer 
tank  increases  proportional  to  the  operating  pressure 
(equivalent  to  approximately  30°4)  . 

The  increase  in  ullage  gas  temperature  with  propellent  tank  opera¬ 
ting  pressure  may  not  be  a  particular  disadvantage  in  some  systems 
with  stainless  steel  or  titanium  tankage,  since  tank  wall  tempera¬ 
tures  limits  probably  would  not  be  exceeded  and  a  lower  gas  density 
would  be  achieved.  Pressure  control  would,  however,  be  more  crit¬ 
ical  due  to  rapid  temperature  chang°B.  The  increase  in  combustion 
product  molecular  weight  (alBo  shown  in  Fig.  V-ll  of  Chap.  V.B.) 
is  based  on  somewhat  limited  data  but  appears  to  be  a  definite 
disadvantage  for  ambient -coo led  space  vehicles.  For  uncooled 
systems,  such  as  in  booster  applications  or  continuous-type  mis¬ 
sions,  the  high  gas  molecular  weight  is  offset  by  the  high  opera¬ 
ting  temperature.  This  gives  a  lower  gas  density  than  might  be 
expected  from  the  extrapolation  of  low  pressure  fuel  tank  data. 

In  the  oxidizer  tank,  however,  a  significant  increase  in  vaporized 
propellant  (due  to  combustion  zone  liquid  heating)  has  a  detri¬ 
mental  effect  on  total  pressurant  weight  for  all  high  pressure 
applications  even  though  a  small  decrease  in  reagent  consumption 
is  realized.  Fortunately,  this  increase  in  system  Weight  is  not 
proportional  to  the  operating  pressure.  A  detailed  presentation 
of  actual  Phase  I  test  results  concerning  oxidizer  vaporization 
is  shown  in  Fig.  V-12  of  Chap.  V.B. 
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C.  CHEMICAL  ANALYSIS 


Chemical  analysis  of  the  propellants  and  combustion  gases  was 
required  for  complete  MTI  pressurization  system  evaluation.  Pro¬ 
pellant  specimens  that  were  acquired  before  and  after  each  test 
were  analyzed  by  the  Martin  Quality  Control  organization  to  assess 
the  extent  of  degradation  experienced  from  the  various  injection 
techniques.  Available  apparatus  was  not  accurate  enough  to  per¬ 
form  continuous  combustion  gas  analysis,  consequently  propellants 
were  periodically  sampled.  The  specimens  acquired  during  each 
test  were  subsequently  analyzed  by  mass  spectrometer  at  the  Na¬ 
tional  Bureau  of  Standards  in  Boulder,  Colorado.  The  gas  composi¬ 
tion  and  molecular  weight,  reaction  ratio,  and  extent  of  propellant 
vapor  saturation  of  the  ullage  were  established  by  interpreting 
the  acquired  data.  Approximately  75  tests  were  made  on  the  Phase 
I  system  with  120  gas  specimens  analyzed.  A  good  description  of 
MTI  process  gas  has  been  established  for  both  the  dual  Injection 
and  common  ullage  systems  with  various  injection  techniques  and 
covering  the  36  to  200  pa  la  propellant  tank  pressure  range.  Pro¬ 
pellants  were  analyzed  on  almost  every  run.  Small  changes  in  pro¬ 
pellant  composition  were  detected  that  resulted  in  a  certain  amount 
of  inconsistency.  Consequently,  the  data  were  carefully  examined 
and  the  more  certain  effects  are  reported.  Analytical  investiga¬ 
tions  of  the  condensate  formed  in  the  fuel  tank  system  were  not 
entirely  successful  due  to  the  complex  nature  of  the  substance. 
However,  the  quantity  (less  than  10%)  is  composed  primarily  of 
UDMH  and  may  be  treated  accordingly. 

1.  Gas  Analysis 

During  the  injector  development  three  analytical  techniques 
were  used  to  determine  propellant  tank  ullage  gas  composition. 

The  most  satisfactory  method  was  mass  spectrometer  analysis.  The 
other  methods  included  a  gravimetric  technique  and  an  on-site  gas 
chromatograph.  Periodic  sampling  during  the  tests  verified  actual 
composition.  The  data  were  theoretically  reduced  from  the  actual 
composition  of  the  ullage  gas  to  obtain  the  composition  and  quan¬ 
tity  of  the  combustion  products.  Since  the  research  fixture  pro¬ 
pellant  tank  was  initially  pressurized  with  nitrogen  containing 
a  small  amount  of  vaporized  propellant  (less  than  1%),  the  con¬ 
tinuous  gas  bleed  in  the  gas  sampling  system  required  development 
of  a  small  computer  program  (described  in  App  A)  to  interpret  the 
test  data,  In  subsequent  tests  helium  was  used  for  prepressuriza¬ 
tion  to  permit  a  more  accurate  identification  of  the  combustion 
products.  The  established  average  molecular  weight  of  the  combus¬ 
tion  products  was  used  to  evaluate  the  performance  and  affects  of 
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a  variety  of  mixing  techniques.  In  addition,  the  actual  composi¬ 
tion  of  the  fuel  tank  pressurant  enabled  the  calculation  of  thermo¬ 
dynamic  properties  and  reactivity  of  the  gas  with  nitrogen 
tetroxide  before  initiation  of  the  common  ullage  test  series. 

The  analysis  of  the  oxidizer  tank  pressurizing  gas  obtained  from 
both  common  ullage  and  direct  fuel  injection  allowed  a  comparison 
of  system  weight  advantages  by  relating  the  pressurant -molecular 
weights. 

Analytical  Techniques  -  The  National  Bureau  of  Standards, 
Boulder,  Colorado,  performed  the  mass  spectrometer  gas  analysis 
for  this  test  program.  Although  the  method  of  obtaining  the  spec¬ 
imens  did  not  provide  continuous  analysis,  the  four  samples  taken 
during  each  test  did  permit  reaction  process  characteristics  to 
be  determined.  In  addition  to  providing  the  gas  composition  ac¬ 
curate  to  +200  parts  per  million  the  main  propellant  consumed  and 
molecular  weight  of  the  ullage  gas  was  determined.  The  repetition 
of  this  information  sufficiently  defines  performance  for  the  solid 
stream  surface  injection  pressurization  process  so  that  various 
mixing  techniques  can  be  compared. 

A  schematic  of  the  gas  sampling  system  is  shown  in  Fig.  11-47, 
The  system  is  heated  to  the  expected  gas  temperature  range  before 
test  initiation  and  evacuated  to  10  microns.  After  10  sec  from 
test  start  the  sample  valve  Is  opened  allowing  gas  to  flow  through 
the  lines,  flow  control  orifice,  manifold,  and  out  the  2.5  pslg 
backpressure  regulator,  and  1/4  pslg  check  valve  to  the  atmosphere. 
The  specimens  are  obtained  at  20,  60,  120,  and  160  Bee  by  opening 
the  stop  cock  on  the  evacuated  sample  bottle,  It  takes  approxi¬ 
mately  2  to  4  sec  to  fill  each  bottle.  Sufficient  time  is  avail¬ 
able  so  that  conditions  can  stabilize  between  each  sample.  The 
last  sample  is  taken  approximately  10  sec  after  test  terr  ination 
to  ensure  actual  final  gas  composition.  The  U. 025-in.  orifice 
allows  sufficient  response  for  minimum  sampling  duration  and  keeps 
pressurizing  gas  losses  during  overboard  bleed  to  a  minimum.  The 
total  amount  of  gas  lost  from  the  system  due  to  the  overboard 
bleed  and  gas  specimen  acquisition  is  approximately  47.  of  the 
total  mass  of  gas  generated.  After  a  constant  combustion  product 
composition  was  verified,  continuous  bleed  sampling  was  abondoned 
and  only  final  samples  were  taken.  This  technique  involved  bleed¬ 
ing  the  final  gas  into  an  evacuated  sample  bottle.  All  of  the 
samples  were  analyzed  within  48  hr  of  test  termination.  The  stand¬ 
ardized  samples  were  reheated  to  the  approximate  test  temperature 
and  the  analysis  performed. 
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The  on-site  gas  chromatograph  provided  a  qualitative  means 
for  determining  ullage  gas  composition  on  a  test-to-test  baBis. 

These  data  were  used  to  tentatively  assess  the  relative  merits  of 
changes  in  MTI  test  parameters  and  the  consistency  of  test  results. 
The  gas  samples  were  procured  in  the  same  manner  as  for  the  mass 
spectrometer  with  the  0.051  ml  sample  gas  density  adjusted  to  am¬ 
bient  temperature  and  pressure  before  injection  into  the  analyzer 
by  a  syringe.  The  analyzer  is  standardized  with  air  and  a  known 
mixture  of  hydrogen  and  nitrogen  before  and  after  each  series  of 
analyses  to  establish  standard  reference  points  and  baseline 
drift.  Standardizing  Insures  an  accuracy  of  less  than  ±27, ,  The 
air  standardization  also  provides  a  check  of  nitrogen  sensitivity 
and  a  basis  for  correcting  for  any  air  leaks,  as  Indicated  by  the 
presence  of  0^  in  the  sample.  Helium  is  used  as  a  carrier  to 

transport  the  sample  and  provide  an  output  baseline.  Sample  gas 
composition  is  determined  by  comparing  the  hydrogen  and  nitrogen 
readouts  to  those  obtained  during  standardization  with  the  check 
gas.  The  relative  concentration  of  hydrogen  detected  in  the  gas 
mixture  provided  approximate  ullage  gas  weight  information  in  the 
development  of  desirable  injection  techniques. 

A  gravimetric  analysis  was  initially  performed  on  all  speci¬ 
mens  procured  for  gas  analysis  by  mass  spectrometer  and  gas  chrom¬ 
atograph  to  determine  the  quantity  of  condensibles  not  identified 
by  the  vapor  phase  analytical  techniques.  The  average  density  of 
the  sample  determined  by  this  method  was  not  sufficiently  accurate 
to  support  any  valid  conclusions.  The  125  cc  sample  bottles  were 
precisely  measured  before  being  used  to  collect  the  ullage  gas 
specimens.  The  change  in  volume  due  to  temperature  changes  was 
considered.  An  analytical  balance  established  the  weight  of  the 
empty  and  filled  bottle  to  within  0.01%.  Since  the  actual  quantity 
of  gas  collected  weighed  considerably  less  than  the  sample  bottle, 
the  overall  accuracy  in  gas  density  would  amount  to  approximately 
10%. 


Results  -  From  the  actual  composition  of  the  gas  obtained  the 
molecular  weight  can  be  determined.  The  data  were  further  analyzed 
to  obtain  combustion  product  molecular  weight  by  using  theoretical 
techniques  programed  on  the  IBM  1620  computer.  The  ullage  gas 
dilution  program  (detailed  in  App  D) ,  computes  the  theoretical  mole 
fraction  of  pressurizing  gas  in  the  ullage  as  a  function  of  time 
based  on  the  actual  test  temperature  history  and  system  operating 
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characteristics  for  a  particular  combustion  gaa,  Figure  11-114 
shows  the  change  in  composition  with  gas  bleed  when  the  fuel  tank 
system  is  being  pressurized  with  combustion  products  that  have  a 
molecular  weight  of  13,  Several  values  of  combustion  gas  molecular 
weight  were  selected  with  the  corresponding  ullage  gas  molecular 
weight  plotted  for  a  typical  test  run  in  Fig.  11-115.  Comparable 
performance  curves  for  the  two-tank  common  ullage  system  are  shown 
in  Fig.  11-116  thru  11-118  for  helium  prepressurization.  The 
molecular  weight  of  the  test  specimens  were  plotted  to  show  the 
degree  of  correlation,  which  indicates  the  response  of  the  sampling 
system  appears  to  be  approximately  10  sec  slow.  If  the  curve  is 
shifted  to  allow  Cor  this  condition,  the  test  data  almost  matches 
the  theoretical  curve  for  a  combustion  product  molecular  weight 
of  13.  The  slight  discrepancy  in  dilution  rate  is  probably  due 
to  a  small  error  in  the  gas  bleed  calculation  resulting  from  the 
assumed  orifice  discharge  coefficients  and  gas  specific  heat  ratio. 

Since  nitrogen  was  used  for  prepressurization  and  the  combus¬ 
tion  products  also  contain  nitrogen,  the  actual  molecular  weight 
of  the  combustion  products  cannot  be  determined  directly  from  the 
mass  spectrometer  analysis,  For  this  reason  helium  prepresBuriza- 
tion  was  used  in  later  testa,  The  total  weight  of  gaseous  com¬ 
bustion  products  produced,  however,  was  still  computed  by  the 
theoretical  method  due  to  the  change  in  mixture  composition  with 
gas  bleed.  Total  weight  of  gaseous  combustion  products,  in  addi¬ 
tion  to  the  weight  of  condensible  formed,  is  important  to  obtain 
the  amount  of  main  propellant  consumed  in  the  reaction.  Since 
the  quantity  of  reagent  being  reacted  in  the  combustion  process 
is  known,  the  main  propellant  consumed  can  be  obtained  from  a  mass 
balance,  From  the  difference  in  molecular  weight  of  the  vapor 
determined  by  mass  spectrometer  and  average  molecular  weight  cal¬ 
culated  from  a  gravimetric  analysis  the  resultant  quantity  of  con¬ 
densibles  can  be  determined  from  Fig.  11-17,  For  the  single  tank 
tests  performed  the  average  difference  in  ullage  gas  molecular 
weight  has  been  less  than  three,  corresponding  to  an  equivalent 
weight  of  condensibles  of  less  than  0.08  lb  or  approximately  half 
of  that  required  for  the  material  balance. 
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Molecular  wt  combustion  product  •»  13, 
Orifice  bleed  dia  -  0.052  In, 

Initial  vol  ■  1.95  ft"*. 

Final  vol  ■*  4.83  ft3. 

N2  press.  ■  40  psia. 

Reg  press  «  36  psia. 

Gas  temp  =  1.267  t  +  520,  °R. 
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Fig.  11-114  Ullage  Gas  Dilution  for  the  Small  Scale  Single  Tank  System 
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Fig.  11-116  Phase  I  Predicted  Pressurising  Gas  Dilution 
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Fig.  11-117  Phase  I  Pressurizing  Gas  Requirements  vs  Molecular 
Weight 


I 


II -196 


RTD-TDR'63-1123 


11-197 


RTD-TDR-63-1123 


Fuel  Tank  System  -  A  tabulation  of  fuel  tank  combustion  prod¬ 
uct  composition  is  contained  in  Table  11-17,  based  on  the  36  psia 
injection  system  evaluation  test  series.  Testing  was  performed 
on  the  two-tank  common  ullage  configuration  with  a  water-filled 
oxidizer  tank.  Gas  sampling,  was  as  described  previously  with 
gas  specimens  acquired  periodically  by  the  heated  constant  bleed 
system.  A  significant  change  in  fuel  tank  ullage  gas  composition 
was  experienced  by  varying  mixing  techniques  with  the  lowest  gas 
molecular  weight  obtained  with  the  solid  stream  surface  injection 
process.  Subsequent  gas  analysis  performed  on  the  fuel  tank  with 
the  solid  stream  surface  reagent  injector  indicated  an  increase 
in  combustion  product  molecular  weight  resulting  from  a  change  to 
the  evacuated  bottle  no  bleed  sampling  technique.  The  comparison 
between  the  various  injection  techniques  is  believed  valid.  For 
design  purposes  the  gas  composition  and  molecular  weight  indicated 
in  the  parametric  test  portion  of  this  section  is  recommended. 

The  inert  prepressurizing  gas  and  vaporized  propellant  data  were 
removed  from  all  combustion  product  data.  Since  the  quantity  of 
vaporized  fuel  was  extremely  small  (mole  fraction  less  than  17.) 
the  effect  on  ullage  molecular  weight  was  considered  insignifi¬ 
cant.  The  change  in  propellant  vapor  concentratie.i  is  shown  in 
Fig.  11-119  for  several  injection  processes  and  theoretical  con¬ 
ditions  , 

Common  Ullage  System  -  Ullage  gas  composition  and  molecular 
weight  of  the  oxidizer  tank  pressurant  is  shown  in  Table  11-18 
for  various  gas  Impingement  techniques.  The  system  configuration 
is  described  in  detail  in  Chap.  11. B. 2  with  a  combination  of  gas 
sampling  techniques  used.  A  detailed  analysis  of  the  oxidizer 
tank  gas  was  achieved  by  periodic  sampling  through  the  constant 
bleed  system  while  only  final  gas  specimens  were  obtained  from 
the  fuel  tank.  Both  combustion  product  molecular  weight  and  ull¬ 
age  gas  molecular  weight  on  a  helium-free  basis  is  reported.  A 
detailed  presentation  of  rate  of  saturation  of  the  ullage  with 
oxidizer  vapors  is  shown  in  Fig.  11-120  for  two  impingement  tech¬ 
niques  and  two  hypothetical  cases. 

Although  the  common  ullage  system  represents  the  MTI  system 
with  the  lowest  oxidizer  tank  molecular  weight,  the  system  has 
a  tendency  to  random  pressure  surges  and  high  temperatures  for 
the  surface  gas  impingement  technique.  Subsurface  gas  impinge¬ 
ment  has  been  successfully  demonstrated  in  several  tests.  How¬ 
ever,  ignition  of  hydrogen  in  the  oxidizer  tank  ullage  requires 
careful  system  design.  Gas  specimen  analysis  before  and  after 
an  extreme  pressure  surge  with  an  unsuccessful  gas  diffuser  de¬ 
sign  showed  almost  complete  elimination  of  the  contained  hydrogen. 
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The  reaction  is  set  off  by  the  heat  released  when  gunk  reacts 
with  oxidizer.  Figure  11-121  shows  a  normal  hydrogen  profile  in 
the  oxidizer  tank  as  opposed  to  a  run  in  which  a  violent  pressure 
surge  was  encountered.  All  other  constituents  showed  a  normal 
increase  during  the  run. 


TabLe  11-17  MTI  Fuel  Tank  Combustion  Product  ('.oinnos  1 1  i  on  at  In  ,":.i 
• !  h  Variations  in  N,,0/  injurl  ions  I  m- Ini  i  tjiio 


Injection  Technique 

Combustion  Products 

Analysis  (Voi  7.) 

Mo)  ec ill  nr  Weight 
Combustion  Product 

Fuel  Tank 

Oxidizer 

Tank 

N2 

h2 

CH* 

NH  3 

NO 

1,0  2 

1.0 

"2° 

°2 

Fuel 

Tank 

Fue l  Tank 
with  Vapor 

Surface 

Solid 

Common 

Ullage 

30.0 

47.4 

U.l 

9.2 

1.6 

0.4 

- 

- 

- 

13.4 

13.4 

Surface 

Spray 

Common 

Ullage 

60.0 

11.8 

18.8 

3.4 

3.1 

3.0 

- 

- 

22.9 

22.9 

Subsurface 

Solid 

Common 

Ullage 

28.1 

41.3 

10.1 

4.9 

1.0 

- 

15.6 

15.6 

Subsurface 

Spray 

Common 

Ullage 

35.8 

37.5 

13.0 

3.4 

1.0 

m 

D 

- 

- 

16.4 

lb.ft 
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Fig.  11-121  Verification  of  Hydrogen  Reaction  in 
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Oxidizer  Tank  System  -  A  detailed  investigation  of  the  influ¬ 
ence  of  injection  technique  on  the  products  of  reaction  was  not 
made  for  the  oxidizer  tank  because  of  the  experience  gained  from 
the  fuel  tank  injection  system  evaluation  test  program.  However, 
Table  11-19  shows  available  semispray  surface  injection  data  to 
compare  solid  stream  surface  fuel  injection  process  and  common 
ullage  subsurface  gas  impingement,  High  gas  temperatures  were 
encounters !  with  the  surface  spray  fuel  injection  system  due  to 
a  lack  of  penetration  of  the  oxidizer.  However,  the  combustion 
gas  composition  was  not  appreciably  affected.  A  lower  ullage 
molecular  weight  is  obtained  with  the  surface  spray  injection  when 
compared  to  the  solid  stream  injection  because  of  the  decrease  in 
nonreacted  vaporized  propellant.  A  comparison  with  the  common 
ullage  data  indicates  a  slightly  higher  gas  molecular  weight  is 
obtained  by  direct  fuel  injection.  The  lower  combustion  product 
molecular  weight  realized  with  the  common  ullage  system  resulted 
from  the  increased  quantity  of  unburned  hydrogen  in  the  oxidizer 
ullage  with  somewhat  less  carbon  dioxide  present.  Propellant 
vapor  ullage  saturation  profiles  are  shown  in  Fig.  11-122  with 
comparisons  of  two  theoretical  possibilities. 

Table  11-19  Mil  Oxidizer  Tank  Combust  I  on  Products  Compos  it  ion 
at  36  psla  for  Various  Pressurization  'ITchnlques 


Injection  Technique 
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Parametric  Tests  -  A  summary  of  MT1  pressurization  system  per¬ 
formance  at  pressures  of  36,  100,  and  200  psia  is  contained  in 
Table  11-20  for  both  the  direct  injection  and  the  common  ullage 
process.  The  gas  composition  data  were  based  on  specimens  acquired 
at  test  termination  by  the  evacuated  bottle  sampling  technique.  A 
solid  stream  surface  reagent  injection  process  was  used  for  the 
direct  injection  system  with  a  subsurface  gas  diffuser  used  to 
pressurize  the  oxidizer  tank  by  the  common  ullage  technique.  Fuel 
tank  pressurization  resulted  in  a  distinct  increase  in  combustion 
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Fig.  11*122  Oxidizer  Tank  Ullage  Saturation  with  NO^ 
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product  molecular  weight  at  the  higher  pressures  due  to  a  50’/.  re¬ 
duction  in  hydrogen  concentration.  The  slight  discrepancy  between 
the  100-  and  200-psia  test  data  appears  to  be  within  the  accuracy 
of  the  analytical  technique  and  does  not  necessarily  indicate  a 
change  in  molecular  weight  between  100  and  200  psia.  The  absence 
of  ammonia  and  UDMH  in  the  gas  analysis  was  contrary  to  initial 
data  and  later  results  of  the  full-scale  demonstration  system. 
However,  the  increase  in  combustion  product  molecular  weight  is 
believed  valid  (shown  in  Fig.  V-l  along  with  the  oxidizer  tank 
gas  for  the  direct  injection  and  common  ullage  system) .  Although 
the  combustion  product  molecular  weight  in  the  oxidizer  tank  is 
relatively  insensitive  to  increases  in  ullage  pressure  for  the 
direct  injection  system,  propellant  vaporization  increased  notice¬ 
ably  due  to  the  greater  heat  input  to  the  liquid  in  the  area  of 
the  combustion  zone.  The  change  in  mole  fraction  of  oxidizer 
vapor  in  the  tank  ullage  is  shown  in  Fig,  V-2  as  a  function  of 
operating  pressure  for  direct  fuel  injection.  Figure  11-113  shows 
the  equivalent  vapor  pressure  of  the  liquid.  The  bulk  temperature 
of  the  liquid  was  considerably  less  than  indicated  by  the  high 
vapor  pressure  of  the  liquid.  Local  heating  from  the  combustion 
zone  is  apparently  responsible  for  this  condition  and  could  pos¬ 
sibly  be  reduced  by  multiple  or  combination  injectors  in  large 
capacity  systems. 

Table  11-20  MT1  Combustion  Product  Composition  Parametric  Data 
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Combustion  Product 
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ysls  (Vol  V.) 
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OxidUrr  Tank 
with  Vapor 

Surface 

Sol!  a 

Ub  psia) 

N/A 

64 ,  3 

■ 

1! 

1  .2 

1 
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II 
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16.02 

N/A 
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Surface 
Solid 
(100  p*ia> 

N/A 

53.0 

D 

■ 

M 

B 

H 

l 

21.5 
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N/A 

Surface 
Solid 
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N/A 

51.? 
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D 
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B 

B 

0.9 
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Surface 
Solid 
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58. b 

1.9 

1.0 

17.9 
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U 
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29,11 
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(100  pain) 

63.1 

■ 
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11.7 

| 

D 

17.9 

M/A 

29.87 

35,79 

M/A 
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Solid 
(200  pa  la) 

65.8 

1.7 

0.8 

0.8 
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lb.1 

N/A 

29.34 

35.30 
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Surface 
Solid 
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Subsurface 
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19.4 

5.9 

' 

II 

li 

I 

1 

■ 

16.02 
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IB 
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2.  Propellant  Analysis 

The  propellant  analysis  can  also  furnish  considerable  infor¬ 
mation  to  determine  MTI  pressurization  system  process  characteris¬ 
tics,  Particular  emphasis  has  been  on  securing  data  for  heat 
transfer  analysis  and  to  determine  condensed  products  of  reaction 
to  establish  a  material  balance.  Determining  propellant  degrada¬ 
tion  was  considered  primarily  to  evaluate  pressurization  system 
performance.  The  effects  on  rocket  engine  specific  impulse  are 
also  needed.  Engine  performance  was  considered  to  establish  the 
method  of  securing  propellant  samples.  The  extent  of  propellant 
contamination  for  the  2.5  min  tests  was  so  small  that  the  effect 
on  rocket  engine  performance  was  negligible. 

Immediately  before  each  test,  a  propellant  specimen  is  taken 
from  the  main  propellant  tank  discharge  port  and  sealed  in  a  bot¬ 
tle.  The  final  sample  is  acquired  in  the  same  manner  from  the 
residual  0.42  cu  ft  remaining  in  the  bottom  of  the  propellant 
tank  at  the  end  of  the  run.  From  a  chromatograph  analysis  of 
the  specimen,  the  increase  in  water  content  of  the  fuel  attri¬ 
buted  to  the  MTI  reaction  process  can  be  determined  from  a  chro¬ 
matograph  analysis  of  the  specimen.  Changes  in  composition  were 
determined  by  wet  chemistry  techniques.  Oxidizer  specimens  are 
analyzed  for  water  only  by  either  a  thermal  conductivity  or  acid¬ 
ity  test.  The  analysis  of  the  contaminated  propellants  is  assumed 
to  be  representative  of  the  maximum  concentration  of  contaminants 
that  a  rocket  engine  would  be  subjected  to  during  actual  operation 
with  an  MTI  pressurization  system.  When  an  average  percent  in¬ 
crease  in  water  content  was  desired  to  establish  approximate  quan¬ 
tities  contained,  the  propellant  was  mixed  before  acquiring  the 
final  specimen.  After  nine  tests  on  the  fuel  with  a  surface  rea¬ 
gent  injection  process  and  3,6  psia  tank  pressure  the  following 
composition  was  noted: 


Actual 

Specification 

N2H4 

54,52% 

51.0  +  0.8% 

UDMH 

43.75% 

47.0%  (min) 

h2o 

1.72% 

1,8%  (max) 

Similarly,  the  oxidizer  contamination  showed  1.9%  water  after 
14  common  ullage  tests  (0,2%  max  specification).  Mo  measurement 
of  propellant  contamination  due  to  higher  operating  pressures  was 
made;  however,  the  extent  of  degradation  is  expected  to  be  propor¬ 
tional  to  the  reagent  consumption. 
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Analytical  Technique  -  Propellant  analysis  for  the  MTI  pro¬ 
gram  was  performed  in  the  Martin  Chemical  Laboratories  by  Quality 
Control  personnel.  Specimens  were  acquired  before  and  after  each 
test  from  the  discharge  port  of  each  tank.  The  final  specimen 
represented  the  condition  of  the  propellant  that  would  enter  the 
engine  just  before  burnout.  Specimens  were  also  obtained  by  re¬ 
cycling  the  propellant  at  the  end  of  the  test  to  obtain  the  aver¬ 
age  change  in  propellant  composition  or  contamination.  Baaed  on 
this  analysis,  the  absolute  quantity  of  water  generated  was  iden¬ 
tified  and  included  in  a  material  balance  of  the  reaction  process. 
Separate  techniques  were  used  on  the  fuel  and  oxidizer.  They  are 
explained  generally  in  the  following  paragraphs,  with  a  brief  de¬ 
scription  of  the  improved  technique  used  in  some  of  the  laboratory 
work. 

Fuel  composition  was  determined  by  two  wet  chemistry  tech¬ 
niques.  The  first  method  used  was  a  total  alkalinity  method 
combined  with  an  oxidation-reduction  method.  Alkalinity  waB 
determined  by  a  color  indicator  from  a  titration  of  perchloric 
acid  solution  in  a  sample  prepared  in  glacial  acetic  acid.  The 
oxidation-reduction  method  Involved  the  potentiometric  determina¬ 
tion  of  the  electrical  conductivity  of  the  specimen  reacted  with 
a  normal  solution  of  potassium  iodate  (KTO^),  From  the  alkalinity 

and  electrical  conductivity,  the  ratio  of  hydrazine  to  UDMH  could 
be  determined.  Fuel  compostion  was  also  determined  by  the  new 
specification  acetylation  method  (Martin  specification 
8021310000),  permitting  a  60%  reduction  in  laboratory  time  per 
specimen  with  an  accuracy  of  0.1%.  This  method  used  the  titra¬ 
tion  of  an  acetic  anhydride  solution  in  the  specimen  prepared  in 
glacial  acetic  acid. 

Due  to  the  extent  of  the  acetylene  reaction  of  the  hydrazines, 
color  indications,  were  noted,  giving  a  direct  correlation  with 
the  actual  concentrations  of  each  of  the  two  constituents.  Mater 
content  was  determined  directly  from  the  diffusion  and  thermal 
conductivity  of  the  material  by  a  Beckman  GC-2  chromatograph, 

From  the  results  of  the  two  Investigations,  the  total  assay  was 
assured  with  an  accuracy  of  more  than  98%. 

The  nitrogen  tetroxlde  was  analyzed  for  water  content  only  by 
two  methods.  The  predominant  method  used  was  a  Martin  technique 
involving  the  determination  of  electrical  conductivity.  A 
specially  designed  stainless  steel  resistance  cell  unit  was  used 
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in  conjunction  with  a  Wheatstone  bridge.  This  apparatus  was 
calibrated  constantly  against  the  specification  method  to  assure 
system  accuracy.  The  second  method  was  the  standard  specification 
method  (Martin  specification  8021310000)  using  the  Haberman  bulb 
to  determine  the  concentration  of  nitric  acid  in  the  specimen  by 
an  evaporation  process. 

Results  -  Table  11-21  presents  data  acquired  from  an  analysis 
of  the  fuel  used  in  the  two-tank  tests  with  a  water-filled  sec¬ 
ondary  tank.  Although  the  fuel  was  not  within  specification  re¬ 
quirements  because  it  had  been  used  several  times,  no  significant 
effect  on  pressurization  system  performance  was  detected  in  sub¬ 
sequent  tests.  Table  11-22  presents  comparable  propellant  anal¬ 
ysis  performed  on  a  series  of  150-sec  tests  with  solid-stream 
surface  injection  in  the  primary  tank  and  common  ullage  pressur¬ 
ization  of  the  oxidizer-filled  secondary  tank.  The  corresponding 
change  in  water  concentration  in  the  oxidizer  was  included  for 
the  subsurface  gas  impingement  process.  No  significant  change 
occurred  in  the  oxidizer  with  the  surface  gas  impingement  system. 

From  the  tabulated  data,  it  was  apparent  that  some  decrease 
in  UDMH,  the  more  volatile  constituent  of  the  50/50  fuel  blend, 
resulted  from  the  pressurization  process;  the  amount  being  a 
function  of  the  type  of  reagent  injection.  The  increase  in  hydra¬ 
zine  content  was  only  relative,  and  does  not  indicate  any  addi¬ 
tional  formation.  The  change  in  water  concentration,  however,  did 
show  an  actual  increase  that  was  caused  by  the  injection  technique. 
From  the  theoretical  studies  performed  on  the  reaction  process, 
the  increase  in  water  formation  would  Indicate  a  more  oxidizer- 
rich  reaction.  This  theory  was  substantiated  by  the  significant 
increase  of  water  in  the  fuel  tank  for  the  surface  spray  injection 
test  and  high-ullage  gas  molecular  weight  characteristic  of  an 
oxidizer-rich  reaction.  The  unknowns  detected  in  the 
fuel  were  believed  to  be  condensibles  generated  by  the  reaction 
process  that  were  also  observed  in  the  pressurization  system.  A 
positive  identification  of  the  material  was  not  established,  but 
the  fluid  was  similar  to  a  reddish  light  oil  with  a  density  of 
68,5  lb/cu  ft,  and  was  hypergolic  with  nitrogen  tetroxide. 

The  average  0,3%  Increase  in  water  content  of  the  fuel  and 
oxidizer  during  the  150-sec  test  was  not  considered  excessive, 
but  will  require  further  investigation  to  determine  the  effect  on 
rocket  engine  performance,  A  significant  reduction  in  water  con¬ 
centration  occurred  when  the  propellant  was  mixed,  giving  an 
indication  of  the  actual  amount  of  water  formed.  The  theoretical 
maximum  water  content  in  each  propellant  is  shown  in  Fig.  11-123 
as  a  function  of  quantity  of  reagent  injected.  Since  an  insig¬ 
nificant  quantity  of  hydrogen  compounds  were  detected  in  the  ox¬ 
idizer  tank  ullage  gas  analysis  with  an  absence  of  gunk,  the 
theoretical  water  concentration  is  believed  to  be  representative 
of  the  actual  condition  although  no  measurement  was  made  for  the 
direct  fuel  injection  process. 
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Table  XX-21  Propellant  Analysis  for  Two-Tank  Test 
with  Water-Filled  Second  Tank 


Type  Test 

Condition 

UDMH  (%) 

N2H4  <%> 

h2o  (%) 

Unknown  (%) 

Surface  Solid 

Before 

46.1 

52.0 

0.55 

1.35 

After 

44.8 

52.9 

0.95 

1.55 

Surface  Spray 

Before 

44.3 

53.5 

0.79 

0.41 

After 

40.6 

53.6 

2.37 

3.43 

Subsurface  Solid 

Before 

45.1 

52.7 

0.90 

1.3 

After 

43.9 

53.4 

1.19 

1.51 

Subsurface  Spray 

Before 

45.5 

52.9 

0.79 

0.81 

After 

44.4 

53.5 

1.04 

1.06 

Table  11-22  Typical  Propellant  Analysis  for  Two-Tank  Test  Series 
with  Oxidizer-Filled  Second  Tank 


Fuel  1 

Oxidizer 

Type  Test 

Condition 

UDMH  (%) 

n2h4  «) 

h2o  (7.) 

Unknown  (7.) 

H20  (7.) 

(Unmixed  Propellant) 
(p)  Solid  Stream 

Before 

50.9 

0.31 

0.39 

0.10 

(S)  Subsurface 

After 

■ 

50.3 

0.63 

0.97 

0,47 

(Mixed  Propellant) 

(P)  Solid  Stream 

Before 

53.1 

0.32 

1.01 

0.27 

(S)  Subsurface 

After 

Ed 

53.4 

0.53 

1.20 

0,37 

Note ;  (P)  Primary  Tank  (fuel);  (S)  Secondary  Tank  (oxidizer) 
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Fig.  11-123  Theoretical  Maximum  Water  Concentration  in  the  Fuel 
vs  Reagent  Consumption 
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The  average  Increase  in  water  concentration  of  approximately 
0.45%  in  the  oxidizer  was  noted  in  the  restart  tests,  where  an 
explosion  had  occurred.  This  fact  appears  to  support  the  con¬ 
clusion  that  a  hydrogen- oxygen  reaction,  triggered  by  a  hypergolic 
reaction  with  condensed  fluids  carried  in  the  cros3-flow  gas, 
caused  the  additional  water  formation.  In  addition  to  the  chemical 
changes  to  the  propellants  noted,  an  analysis  of  the  fuel  specimen 
after  one  test  showed  a  negligible  change  in  specific  gravity 
and  viscosity.  For  the  fuel  specimen  obtained  after  one  of  the 
tests  with  an  oxidizer-filled  second  tank,  the  specific  gravity 
changed  from  0.8987  to  0.9064,  and  viscosity  increased  from 
0.96  to  0,98  centistokes  (equivalent  to  a  4°F  temperature  change). 
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SeveraL  factors  connected  with  the  propellant  and  combustion 
process  apparently  aid  the  mixing  of  the  contaminated  and  uncon- 
taminated  fuel.  Although  the  fuel  is  infinitely  soluble  in  water, 
the  increased  density  of  the  fuel  near  the  surface  with  the  solid 
stream  surface  injection  process  or  from  ullage  gas  condensation 
will  tend  to  sink  to  the  bottom  of  the  tank.  At  the  same  time, 
heavier  products  of  combustion  at  a  higher  temperature  will  like¬ 
wise  cause  a  certain  amount  of  turbulence  in  the  propellant  due 
to  natural  convection.  The  actual  amount  of  temperature  stratifi¬ 
cation  in  the  propellant  occurring  during  a  test  can  be  seen  from 
I'ig.  11-123,  which  shows  l  he  temperature  in  the  discharge  line. 

The  15°1'  propellant  I  emperature  rise  noted  Cor  the  solid  stream 
surface  injection  process  is  also  representative  of  the  average 

3 

hulk  temperature  of  the  0.42  it  residual  and  has  been  used  in 
heat  balance  studies,  A  slight  decrease  in  temperature  noticed 
earlier  in  the  test  program  has  never  been  satisfactorily  explained 
but  appears  to  have  been  due  to  an  instrumentation  problem  in  view 
of  the  consistent  additional  data  accumulated, 

In  general  the  condition  of  the  fuel  after  each  teat  was  good 
with  no  evidence  of  undlssolved  reaction  by-products,  A  slight 
discoloration  of  the  fuel  was  noticeable  after  each  test  probably 
due  to  the  solubility  of  condensed  reaction  products,  After  a 
maximum  of  five  full  duration  tests  was  performed  on  one  load 
of  fuel  the  only  evidence  of  contamination  was  the  light  yellow 
color  of  the  fuel.  After  five  full-duration  tests  with  direct 
fuel  injection  into  the  oxidizer  tank,  the  propellant  was  begin¬ 
ning  to  darken  slightly  from  the  amount  of  entrained  water, 

3.  Condensate  Analysis 

A  viscous  reddish  brown  liquid  (gunk)  was  observed  in  the  com¬ 
mon  ullage  line  during  the  initial  KTI  fuel  tank  pressurization 
tests.  The  gunk  caused  considerable  interest  due  to  propellant 
contamination  and  later  because  of  the  severe  reactions  encountered 
in  the  oxidizer  tank.  A  brief  investigation  showed  the  substance 
to  be  hypergolic  with  ant*  hypergol ic  to  a  lesser  extent  with 

a  variety  of  other  elements.  Since  the  gunk  reaction  detonated 
the  hydrogen  in  the  common  ullage  oxidizer  tank  pressurization 
tests,  the  composition  of  the  material  and  reactive  characteris¬ 
tics  were  investigated.  The  first  investigations  by  wet  chemistry 
qualitative  methods  indicated  the  gunk  was  similar  to  hydrogen 
nitrate.  When  the  liquid  specimen  evaporated,  an  X-ray  diffrac¬ 
tion  was  performed  on  the  residue  at  the  Denver  Research  Institute. 
The  substance  was  found  not  to  be  crystalline,  consequently,  Iden¬ 
tification  was  impossible  by  this  technique.  Subsequent  gunk 
specimens  were  procured  by  a  vortex  separator  in  the  common  ull¬ 
age  line  to  obtain  larger  quantities  for  investigation  of  reaction 
characteristics.  Since  the  gunk  apparently  exists  in  both  the 
liquid  and  gaseous  phase,  an  attempt  was  made  to  separate  the 
substance  by  condensation.  This  metnod  was  moderately  successful, 
although  the  ice-cooled  common  ullage  line  configuration  was  con¬ 
sidered  impractical  for  future  system  application. 
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Various  physical  and  chemical  methods  were  attempted  t.  remove 
the  gunk  from  the  pressurizing  gas  generated  in  the  fuel  tank. 
Traps  containing  oxidizing  agents  were  provided  in  the  common  ull¬ 
age  line  to  break  down  the  gunk  into  H^,  N2,  N02,  H^O,  and  other 

substances  nonhypergolic  with  nitrogen  tetroxide.  A  more  detailed 
description  of  the  laboratory  experiment  with  CrO^,  Drierite, 

Zeolite,  KMn0^»  silica  gel,  activated  charcoal,  and  firebrick  is 

contained  in  Sec  A  of  this  chapter.  A  glass  wool  filter  was 
used  in  all  tests  that  involved  combinations  of  the  above  mate¬ 
rials,  The  basic  idea  was  to  either  absorb  or  react  all  the  po¬ 
tential  hypergolic  constituents.  In  general  tbe  absorbent 
ingredients  of  the  filter  were  fairly  successful  in  eliminating 
liquids  of  the  two-phase  fluid.  However,  the  reactants  were  only 
moderately  successful  in  reducing  the  reactive  vapors.  Catalytic- 
type  powdered  molybdenum  and  copper  oxide  wool  filters  were  also 
unsuccessful  in  decomposing  the  vapor  phase  hypergols. 


The  liquid  condensate  was  further  investigated  because  of  the 
partial  success  obtained  with  the  common  ullage  reactive  filter. 

A  fairly  comprehensive  analysis  of  the  condensate  in  the  vapor 
phase  was  obtained  by  mass  spectrometer  analysis  at  the  National 
Bureau  of  Standards  at  Boulder,  Colorado.  Primary  constituents 
were  UDMH  and  a  large  amount  of  the  NH-  radical  with  smaller 
quantities  of  CH^,  NO^,  and  C02. 


The  gunk  was  consequently  identified  as  consisting  of  50%  UDMH 
and  NHj  remaining  in  a  partial  vapor  phase  at  nominal  MTI  system 

operating  temperatures  (150  to  300"F)  ,  The  equivalent  change  in 
ullage  gas  molecular  weight  is  shown  in  Fig.  11-125  as  a  function 
of  vaporized  gunk.  In  addition,  the  gunk  density  was  68,5  lb/cu 
ft  with  a  pH  of  10,5  in  a  water  solution,  measured  by  the  Beckman 
pH  meter.  Subsequent  infrared  analysis  of  the  condensate  minus 
the  UDMH  portion  was  also  performed.  The  results  of  this  investi¬ 
gation  indicated  the  presence  of  a  polymer  of  x  many  members  with 
a  basic  monomeric  structure  similar  to  the  one  shown  below: 
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Fig.  11-125  Equivalent  Ullage  Gas  Weight  as  a  Function  o£  Changes  In 
Molecular  Weight 
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Along  the  polymer  chain  it  was  indicated  that  NO,,  groups 

existed  and  the  polymer  probably  ended  in  a  carboxyl  group  (COOH) . 
The  presence  of  the  polymer  indicates  a  free  radical  mechanism 
taking  place  in  the  formation  of  the  gunk.  Consequently,  the 
exact  nature  of  the  polymer  cannot  be  predicted  since  it  probably 
differs  in  structure  with  each  reaction.  Further  attempts  to 
eliminate  the  gunk  in  the  common  ullage  application  were  abandoned, 
A  successful  subsurface  gas  impingement  technique  was  developed 
that  consumed  the  reactive  material  before  it  reached  the  hydro¬ 
gen  pressurized  oxidizer  tank  ullage. 


D.  CONCLUSIONS 


As  a  result  of  the  Phase  I  research  program  a  definite  region 
of  application  was  established  for  the  MTI  pressurization  system 
in  future  liquid  fueled  vehicles.  Subsequent  examination  of  the 
reaction  process  has  verified  adequate  pressure  control  with  satis¬ 
factory  performance  for  full-scale  system  demonstration  although 
additional  effort  is  required  to  identify  reaction  kinetics  and 
influence  parameters.  The  results  of  this  program  have  provided 
pertinent  design  information  for  the  full-scale  system,  based  on 
a  dual  solid  stream  surface  injection  pressurization  process. 

Some  of  the  more  significant  results  of  both  the  analytical  and 
experimental  programs  are  described  in  detail  in  this  section. 

1.  Engineering  Studies 

1)  The  2,000-gal.  Phase  III  demonstration  test  article 
Is  well  within  the  range  of  desirable  low-pressure 
MTI  system  applications. 

2)  A  35  +  1  psia  propellant  tank  pressure  will  satisfy 
the  propellant  feed  requirements  of  booster  vehicles 
that  can  be  used  with  small-scale  system  parametric 
performance  to  provide  theoretical  data  for  low- 
pressure  space  vehicles  (100  to  200  psia). 

3)  The  development  of  an  on-off  constant  flow  injection 
system  was  required,  not  only  for  control  of  the  re¬ 
action  kinetics,  but  to  provide  adequate  pressure 
control  for  variable  thrust-restart  type  missions. 
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4)  Maximum  system  operating  temperatures  will  be  deter¬ 
mined  by  tank  material  considerations,  rather  than 
propellant  temperature  limitations.  However,  in¬ 
creased  oxidizer  temperatures  will  have  to  be  com¬ 
pensated  by  higher  tank  pressures  for  turbopump 
pressurized  propulsion  systems. 

5)  For  a  noncooling  process,  such  as  booster  or  continu¬ 
ous  mission,  the  reaction  mixture  ratio  and  conse¬ 
quently  combustion  product  molecular  weight  will  have 
only  a  small  effect  on  pressurization  system  weight 
because  of  the  low  pressurnnt  density  resulting  from 
the  high  operating  temperature. 

6)  Initiation  of  the  pressurization  process  in  the  fuel 
tank  of  a  common  ullage  system  is  desirable  from  both 
a  weight  and  design  point  of  view. 

7)  A  fuel-rich  reaction  is  desired  not  only  for  tempera¬ 
ture  control,  but  also  for  low  system  weight  of  space 
vehicles  in  environmentally  cooled  operations,  due  to 
the  lower  gas  molecular  weight  realized. 

8)  For  environment  cooling  missions,  a  stored  helium 
system  with  heat  added  to  cancel  the  cooling  from  gas 
expansion  is  lighter  than  an  MTI  system  with  a  gas 
molecular  weight  greater  than  15. 

9)  For  booster  and  sustaining  vehicle  applications,  the 
MTI  pressurization  system  is  lighter  than  the  stored 
gas  system, 

10)  The  MTI  pressurization  system  is  slightly  lighter  than 
the  gas  generator  system  for  all  vehicle  sizes  and 
applications;  however,  versatility  is  its  main  advan¬ 
tage. 

11)  An  Mil  pressurization  system  may  be  applicable  to  a 
variety  of  propellant  combinations  in  addition  to  the 
storeable  type  specifically  investigated. 

12)  The  principle  advantage  of  the  MTI  pressurization  tech¬ 
nique  is  the  high-density  low-pressure  storage  of  the 
reagents  and  capability  for  generation  of  a  low-density 
pressurant  without  the  aid  of  a  heat  exchanger. 
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2.  Experimental  Testing 

1)  Smooth  combustion  and  moderate  system  pressure  rise 
rates  are  possible  with  a  common  ullage  or  dual  rea¬ 
gent  injection  pressurization  system  at  pressures  up 
to  200  psia. 

2)  The  direct  reagent  injection  reaction  process  can  be 
significantly  affected  by  the  mixing  technique  in  the 
fuel  tank,  and  to  a  lesser  extent  in  the  oxidizer  tank. 

3)  lly  careful  system  design,  secondary  reactions  occurring 
when  fuel-rich  combustion  products  arc  introduced  into 
tlie  oxidizer  by  a  subsurface  gas  diffuser  in  a  common 
ullage  configuration,  can  be  controlled  sufficiently 
for  satisfactory  pressurization. 

4)  Check  valves  have  been  satisfactory  in  preventing 
propellant  vapor  reactions  in  a  common  ullage  system, 
However,  a  more  positive  isolation  valve  with  differ¬ 
ential  pressure  switch  control  may  be  desired  in 
larger  systems. 

5)  Propellant  heating  does  not  appear  to  bo  a  significant 
problem,  although,  for  high-pressure  applications  a 
considerable  amount  of  oxidizer  is  vaporized  with 
direct  fuel  injection  due  to  local  heating  in  the  com¬ 
bustion  zone.  The  slight  increase  in  vapor  pressure 
with  a  low-pressure  system  may  require  higher  operating 
pressures  to  supply  the  necessary  NPSH  of  a  turbopump 
pressurized  propulsion  system. 

6)  Although  combustion  was  not  sustained  in  the  dual  in¬ 
jection  system  when  injection  was  terminated,  the 
common  ullage  system  experienced  some  additional  re¬ 
action  of  a  small  magnitude  in  the  gas  cross  flow 
line, 

7)  Propellant  tank  pressure  control  can  be  maintained 
within  close  tolerance  by  a  MTI  pulse  injector  system. 

8)  The  direct  injection  process  generated  combustion 
gases  with  a  molecular  weight  of  16  in  the  fuel  tank 
and  29.5  in  the  oxidizer  tank  (23.75  for  common  ullage 
pressurization  of  the  oxidizer  tank)  without  a  signifi¬ 
cant  change  for  the  150-sec  test  duration. 
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9)  Precise  solid  stream  surface  reagent  injection  is 
required  to  obtain  sufficient  heat  transfer  to  the 
propellants  for  providing  an  acceptable  ullage  gas 
and  propellant  tank  wall  tempetature. 

10)  The  heat  of  combustion,  primarily  dissipated  in  the 
fuel,  did  not  significantly  increase  the  quantity  of 
propellant  vapors  in  the  ullage  at  low  pressures. 

At  high  pressure  (200  psia)  a  significant  increase 
in  oxidizer  vaporization  was  experienced. 

11)  For  a  common  ullage  pressurization  system,  the  reac¬ 
tivity  of  the  MTI  combustion  gas  would  be  significantly 
lower  than  for  a  gas  generator  system  due  to  a  60%. 
reduction  in  ammonia  and  more  complete  combustion. 

12)  Propellant  contamination  resulting  from  the  dual  in¬ 
jection  process  has  been  less  than  0.5%  in  either  the 
fuel  or  oxidizer  tank. 

13)  Reagent  consumption  was  approximately  50%  higher  than 
predicted  for  the  Bmall-scale  dual  injection  system 
because  of  the  amount  of  condensibles  formed,  Ap¬ 
proximately  2.5  lb  of  gas  was  formed  per  pound  of 
reagent . 

1A)  The  reaction  mixture  ratio,  established  from  a  theoret¬ 
ical  material  balance,  was  0.63  in  the  fuel  tank  and 
2,3  in  the  oxidizer  tank  for  the  small-scale  system 
with  direct  injection. 

15)  The  reaction  mixture  ratio  was  independent  of  operating 
pressure  although  an  apparent  increase  in  combustion 
product  molecular  weight  was  experienced  in  the  fuel 
tank  at  higher  operating  pressures. 

16)  Reagent  consumption  did  not  appear  to  be  affected  by 
orifice  size. 

17)  The  surface  area  of  the  combustion  zone  appears  to  be 
directly  proportional  to  the  injector  orifice  area, 

18)  Condensate  generated  only  in  the  fuel  tenk  appears  to 
be  primarily  UDMH  and  represents  less  than  10%  of  the 
total  combustion  products, 
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19)  Penetration  of  the  liquid  propellant  by  the  combus¬ 
tion  process  with  solid  stream  injection  is  limited 
only  by  injection  duration  or  physical  boundaries  of 
the  tankage, 

20)  Injection  velocity  will  be  limited  based  on  a  (200 
psi)  maximum  differential  pressure  to  achieve  a  good 
solid  stream  without  any  atomization. 

21)  Liquid  propellant  agitation  or  distance  from  the  sur¬ 
face  solid  stream  injector  did  not  have  any  signifi¬ 
cant  effect  on  pressure  control  or  the  reaction 
process  in  the  26-in,  dia  spherical  test  tank. 
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III.  PHASE  II  PROGRAM 


The  second  phase  of  the  MXI  pressurization  system  develop¬ 
ment  program  was  concerned  with  the  design  of  a  279-cu  ft  test 
article  for  ground  demonstration  of  the  36  psia  dual  reagent  in¬ 
jection  pressurization  system.  This  article  evolved  from  small- 
scale  research  testing.  The  experimental  test  data  were  analyzed 
to  investigate  the  effects  of  heat  transfer  and  establish  a  mass 
balance  for  the  MTI  process  when  used  in  a  full-scale  flight  weight 
system.  From  the  reaction  characteristics  observed  during  the 
small-scale  test  program  and  subsequent  analytical  investigations 
of  system  thermodynamics,  two  MTI  mathematical  models  were  formu¬ 
lated.  One  model  was  programed  on  the  IBM  7094,  and  one  model 
was  an  abbreviated  version  on  the  IBM  1620.  Based  on  the  theo¬ 
retical  predictions  of  full-scale  system  performance,  a  design 
criteria  document  was  generated  to  aid  in  the  detailed  design 
and  fabrication  of  Che  prototype  MTI  demonstration  system. 


A.  THEORETICAL  STUDIES 


In  addition  to  the  ullage  gas  dilution  computer  program  de¬ 
scribed  for  Phase  1  test  data  interpretation  and  the  IBM  1620 
single  tank  mathematical  model  formulated  for  early  studies  of 
expected  system  performance,  several  detailed  theoretical  analy¬ 
ses  were  also  performed.  These  analyses  Investigate  heat  and 
mass  transfer  relationships  encountered  in  the  MTI  pressurization 
process  .  Since  a  purely  theoretical  prediction  of  the  reaction 
kinetics  was  not  possible  because  of  the  complex  nature  of  the 
reaction  phenomena,  empirical  relationships  based  on  the  experi¬ 
mental  data  were  established.  Film  coefficients  used  in  the  heat 
transfer  analysis  of  the  Phase  I  system  ware  later  employed  in 
the  analysis  of  the  Phase  II  system  with  appropriate  scaling 
factors  considered.  The  material  balance  performed  on  the  Phase 
I  system  was  established  from  an  analysis  of  the  actual  products 
of  reaction.  Due  to  the  complex  nature  of  the  fuel  tank  MTI  pro- 
ceaa,  reaction  mixture  ratio  influence  parameters  will  require 
additional  investigation.  However,  relationships  have  been  es¬ 
tablished  for  the  Phase  I  and  Phase  II  systems.  Both  the  dual 
injection  and  common  ullage  configurations  were  analyzed  and  de¬ 
signed.  Current  test  philosophy  permitted  testing  of  the  small- 
scale  system  only. 
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1.  Heat  Balance 


The  heat  transfer  Investigation,  based  primarily  on  the  small- 
scale  system  experimental  program,  provides  a  comprehensive  de¬ 
scription  of  various  MT1  process  thermodynamic  characteristics 
so  that  full-scale  system  design  can  be  verified.  A  description 
of  the  quantitative  examination  of  the  time  variant  ullage  gas 
thermodynamics  for  the  small-scale  system  was  established  based 
on  average  system  properties  to  allow  rapid  noncomputer  type  calcu¬ 
lations  .  From  the  evaluation  of  the  film  coefficients  obtained 
in  the  small-scale  system,  estimated  values  for  the  full-scale 
system  were  computed  based  on  known  thermodynamic  relationships 
concerning  pressurant  gas  demand.  In  view  of  the  lack  of  corre¬ 
lation  with  theoretical  relationships  for  the  fuel  tank  pressuri¬ 
zation  film  coefficients,  comparable  empirical  values  for  the 
oxidizer  tank  were  obtained  by  parametric  computer  runs.  Specifi¬ 
cally,  heat  transfer  coefficients  between  the  pressurant  and  tank 
wall  and  the  liquid  surface  were  established  with  combustion 
temperature  and  apparent  reaction  mixture  ratio  determined  from 
a  chemical  analysis.  These  results,  tabulated  in  Table  111-1 
for  the  injection  system  development  test  series  show: 

1)  Free  convection  theory  requires  adjustment  for  fuel 
tank  heat  transfer  because  of  mass  transfer  and  forced 
convection  effect  resulting  from  the  subsurface  com¬ 
bustion  zone; 

2)  Conventional  free  convection  heat  transfer  theory 
can  be  used  for  predicting  heat  transfer  within  the 
oxidizer  tank  for  the  common  ullage  system  in  the 
absence  of  secondary  chemical  reactions; 

3)  Subsurface  gas  impingement  with  secondary  reactions 
in  the  oxidizer  tank  results  in  sufficient  cooling 
to  minimize  the  ullage  gas  temperature  increase. 

Application  of  these  results  to  s  flight-weight  Mil  pressuri¬ 
zation  system  (Phase  III)  was  made.  The  analysis  for  the  pre¬ 
dication  of  salient  system  performance  parameters  is  described 
leter  in  this  section.  The  Phase  III  system  was  analyzed  for 
common  ullage  and  with  single  propellant  tank  expulsions.  Pre¬ 
dicted  performance  results  for  both  conditions  are  shown  in 
Table  IXI-2 . 
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Wall  temperatures  of  367°F  were  estimated  for  the  dual  tank 
expulsion,  with  a  full  load  of  water  In  the  secondary  tank.  To 
test  tank  wall  thermal  protection  could  be  achieved  by  1/8-ln. 
Foam-Sil  Internal  Insulation  or  equivalent.  A  reduction  in  pres¬ 
surization  requirements  with  live  oxidizer  would  eliminate  the 
necessity  for  insulation,  due  to  the  lower  primary  tank  wall 
temperatures  expected.  This  configuration  was  not  tested,  however, 
to  due  safety  conditions  . 

Table  III-l  Phase  I  Research  Test  Tank  Correlation  of  Ullage 
Gas  Thermodynamics,  Twin  Tank  Expulsion  (Water 
in  Oxidizer  Tank) 


Fuel 

Oxidizer 

Molecular  Weight  Combustion  Products 

13.4 

Inert  Gas  Weight  (lb^) 

0.0486 

0.0077 

Final  Gas  Weight  (IbJ 

0.31 

0.311 

Condensed  Moisture  (lbm) 

0.29 

Reagent  Used  (lb^) 

0.412  Total 

Wall  Film  Coefficient  (Btu/kr  ft2  »r) 

18 

1.66 

(Free  Convection  Film  Coeffici  ...u) 
(Btu/hr  ft2  °r) 

3.23 

1.59 

Liquid  Surface  Film  Coefficient 

(BtuAir  ft2  *r) 

104.5 

1.41 

(Free  Convection  Film  Coefficient) 
(Btu/hr  ft2  *r) 

3.73 

1.35 
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Phage  I  System  Thermodynamic  Characteristics  -  Due  Co  the 
nature  of  the  combustion  reaction,  the  use  of  free  convection 
formulas  proved  unsatisfactory  in  determining  primary  tank  wall 
temperatures.  The  gas  generated  from  combustion  appeared  to 
sweep  outward  against  the  ullage  wall  surfaces,  Introducing 
some  degree  of  forced  convection.  This  was  evidenced  in  films 
of  the  combustion  process,  where  light-colored  gases  were  seen 
rising  above  the  liquid  surface.  In  addition,  the  solid  stream 
surface  injection  technique  actually  penetrated  the  liquid  sur¬ 
face,  resulting  in  combustion  beneath  the  liquid  surface  and  heat 
and  mass  transfer  caused  by  the  increased  turbulence. 

To  determine  the  effective  heat  transfer  coefficients,  at  the 
wall  and  across  the  bulk  liquid  surface,  several  test  runs  using 
the  research-type  spherical  tanks  were  examined.  A  model  diagram 
of  a  typical  arrangement  is  shown  in  Fig.  11-47.  The  general 
energy  equation  applied  to  the  ullage  gas  In  either  tank  is: 

change  of  Internal  energy  ■  net  enthalpy  of  added  presaurant*, 

less  heat  loss*,  less  flow  work, 
less  enthalpy  of  any  bleed  flow. 

Fuel  Tank  -  The  amount  of  heat  transferred  from  the  presaurant 
(excluding  heat  from  mass  transfer)  can  be  determined  from  the 
general  equation  that  reduces  to  this  form  when  test  measurements 
are  used.  The  combustion  temperature,  T^,  was  carried  as  s  vari¬ 
able,  since  no  adequate  measurements  were  made; 

Q  -  C1T<;  -  C2,  [XII-1] 


where , 

and  Cg  were  derived  from  test  measurements.  The  total 

heat  transferred,  including  the  heat  from  mass  transfer,  was 
computed  directly  by  determining  the  change  of  thermal  capacity 
of  the  tank  wall  and  the  bulk  liquid.  That  is, 

Q  +  QM-EW  CpAt,  [1II-2] 


*This  term  excludes  the  enthalpy  of  condensed  pressursnt. 
tThis  term  excludes  the  heat  liberated  by  condensed  pres¬ 
aurant  . 


III-5 


RTD-TDR-63-1123 


where , 


Q  is  the  heat  gain  from  mass  transfer, 

W  is  the  mass  exposed  to  heat  transfer, 

At  is  the  temperature  change. 

Furthermore,  when  mass  transfer  is  identified,  the  heat  from 
this  source  is  expressed  by, 

QM  “  f (Ts ’  Ms) '  [III-3  ] 


where , 


Wg  is  the  mass  involved  in  mass  transfer, 

Tg  is  the  saturation  temperature . 

Assigning  test  measured  values,  Eq  [XII-1]  and  [111-2]  were 
plotted  as  a  function  of  Tc  (Fig.  111-1)  for  a  typical  run. 

Chemical  analysis  of  the  bulk  propellant  to  determine  the  amount 
of  stream  condensed  was  found  Inconclusive.  This  value  was  es¬ 
timated  on  the  basis  of  the  maximum  possible  amount  of  steam 
generated,  limited  by  the  number  of  oxygen  atoms  available.  As 
shown  in  Fig.  III-l,  93fe%  of  maximum  available  moisture  was  con¬ 
sidered  condensed.  thlR  high  degree  of  condensation  probably  can 
be  expected  because  of  the  subsurface  combustion.  Equations 
[111-1]  and  [111-2]  Intersect,  indicating  an  estimated  combustion 
temperature  of  254Q*F.  More  important,  the  actual  heat  transfer 
rate  was  found  to  be  greater  than  that  expressed  by  the  free  con¬ 
vection  formula  by  an  overall  factor  of  6 .33  to  1  (28  to  1  for 
Che  liquid  side  and  5.5  to  1  for  the  wall  side). 

The  greatly  accelerated  rate  for  the  liquid  side  was  influ¬ 
enced  primarily  by  the  mass  transfer  and  the  sloshing  liquid- 
level  surface.  Undoubtedly,  the  relative  absence  of  mass  transfer 
(condensation)  at  the  tank  walls  resulted  in  a  lower  deviation 
at  the  wall  surface,  although  the  presence  of  forced  convection 
affected  this  value. 
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Fig,  IIX-l  Research  Test  Tank  Correlation  of  Fuel  Tank 
Ullage  Gas  Thermodynamics 
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Oxidizer  Tank  •  The  treatment  of  the  common  ullage  oxidizer 
tank  was  less  complex,  since  the  temperature  of  the  inlet  pres- 
surant  was  known,  and  an  Inert-nonvolatile  propellant  was  used. 
Consequently,  the  general  energy  equation,  Eq  [III-l],  reduced 
to  the  following  form: 


Q-Cl-Ca.  [111-4] 

Unlike  the  fuel  tank,  temperatures  in  the  oxidizer  tank  were 
relatively  cool  because  of  the  method  of  gas  pressurant  injection. 
Therefore,  the  temperature  gain  of  the  tank  wall  and  bulk  liquid 
was  difficult  to  accurately  identify,  and  the  thermal  capacity 
change  of  the  system  could  not  be  measured.  Consequently,  the 
heat  transferred  must  be  calculated  directly  by  Fourier's  law 
for  heat  transfer,  l.e., 

o  -  ’  l  E«“*w + E  tm-'i 


where , 


h  -  coefficient  of  heat  transfer, 

A  -  heat  transfer  surface, 

AT  -  temperature  gradient, 
x  “  time  of  operation. 

In  the  absence  of  any  secondary  chemical  reaction  in  the 
oxidizer  tank,  the  heat  transferred  expressed  by  Eq  [1X1-4]  and 
[HI-S]  must  be  equal.  Substituting  free  convection  film  coef- 
flcents  into  Eq  [III-5]  resulted  in  an  agreement  within  10%  of 
the  value  given  by  Eq  [111-4].  Thus,  the  validity  of  the  free 
convection  formula  is  confirmed. 

Theoretical  Reaction  Mixture  Ratio  -  The  overall  process  mix¬ 
ture  ratio  for  the  fuel  tank  was  determined  from  the  following 
equation : 


\  .  HflgmaSS  _ _ W9xldlter _ 

W  W  -U  +  u  .  VI  > 

fuel  tot  inert  s  oxidizer 
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( 


where , 


W  ...  Is  a  teat 

oxidizer 

W  _  and  W.  ,  are 
tot  Inert 


measured  value, 

determined  from  equation  of  state, 


W  ,  the  amount  condensed.  Is  estimated  at  70%  of  the 
oxidizer  used. 


The  amount  of  fuel  vaporized  was  found  to  be  insignificant 
and  was  not  included  in  this  analysis. 

Phase  III  System  Thermodynamic  Characteristics  -  The  flight- 
weight  full-scale  MTI  pressurization  system  was  examined  with 
tank  configuration  assumed  spherical,  with  an  equivalent  diameter 
of  8  ft  approximately,  or  3.69  times  larger  than  the  research 
test  tank.  Since  injection  parameters  were  also  correspondingly 
increased  (3  to  5  times  larger),  dynamic  similarity  was  presumed. 
For  this  application,  paramount  importance  was  placed  on  the  pre¬ 
diction  of  the  maximum  tank  wall  temperatures  and  the  other  system 
performance  parameters  to  insure  that  excessive  wall  temperatures 
were  avoided. 

The  first  step  in  this  computation  involved  the  solution  of 
the  heat  balance  across  the  tank  wall.  Since  condensation  at 
the  wall  was  assumed  negligible,  the  net  heat  transferred  from 
the  gas  to  the  wall  was  the  sum  of : 

1)  Heat  retained  by  the  wall; 

2)  Heat  flow  to  the  ambient; 

3)  Heat  flow  via  conduction  to  the  wall  exposed  to 
liquid  propellant . 

Simplifying  this  computation  by  assuming  initial  ambient 
conditions  for  tank  wall  and  propellant,  a  linear  history  of  gas 
and  wall  temperatures,  and  a  negligible  temperature  gradient  with¬ 
in  the  nonwetted  tank  wall  (axially  end  longitudinally),  the  ex¬ 
pression  for  the  wall  temperature  use  became: 


( 
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wall  temperature  rise 


Caas  temperature  rise) 

+  1  +  ho/u 


t1  -  aa) 
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where, 


and  are  heat  transfer  coefficients  (internal  and 
external,  respectively), 

P  and  are  constants  being  a  function  of  the  wall  ma¬ 
terial,  surface  length,  cross  section  areas  and  perimeter, 
and  exposure  time. 

Equation  [XII-6]  was  solved  for  the  uninsulated  wall,  and  the 
results  are  presented  in  Fig.  111-2,  In  the  event  the  final  gas 
temperature  becomes  very  high,  1/8  in.  of  Foam-Sil  or  equivalent 
insulation  will  readily  limit  the  wall  temperature.  For  compari¬ 
son,  the  uninsulated  research  fixture  was  relatively  cool  due  to 
the  5/8-ln.  walls. 

The  second  step  required  estimating  the  temperature  change 
in  the  wall  and  bulk  liquid  as  a  function  of  heat  transferred. 
This  was  desired  to  obtain  a  reasonable  estimate  of  temperature 
gradient  from  which  to  calculate  the  actual  heat  transferred. 

For  this  reason,  a  simplified  analytical  model  in  the  tank  wall 
and  the  bulk  liquid  was  used.  In  either  case,  the  net  heat  ab¬ 
sorbed  was  calculated  from: 

1 

Q  ■  j  W  c^  dt  -  heat  rejected,  [ III- 7] 

o 


where , 


W 

T 

dT 


T 


exposed  mass  -  «tnitUl  ±  *r 
specific  heat  of  mats, 


(+  for  tank  wall) 
(•  for  liquid), 


T initial  +  *(t)‘ 

T  dt, 

time  of  operation. 
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Fig.  IH-2  Predicted  Tank  Well  Heating 
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Since  linear  change  o£  temperature  was  assumed, 
i  "  Tfinal  *  initial /T* 

Solution  of  Eq  [IH-7]  gave  the  following  equation  for  the  tem¬ 
perature  change,  when  the  heat  rejected  was  assumed  negligible: 

AT  -  C^Q.  [III-8] 


Figure  III-3  shows  the  final  temperature  of  the  bulk  propellant 
(50/50  blend  of  UDMH  and  N^H^)  and  the  tank  wall  (0.075-in. 

average  thickness  of  aluminum)  as  a  function  of  heat  transferred. 

The  final  step  in  the  calculation  of  fuel  tank  ullage  thermo¬ 
dynamics  relates  to  the  solution  of  the  general  energy  equation. 
Since  single-  and  twin-tank  expulsions  vara  tasted,  both  condi¬ 
tions  were  examined. 

Estimated  values  wars  substituted  in  the  general  energy  equa¬ 
tion,  and  than  simplified,  resulting  in  the  following  expression 
for  the  sensible  heat  that  must  be  transferred  from  the  fuel  tank 
ullage  gas  for  an  energy  balance: 

Q  -  C,_  +  -  C3tf  -  C4tf/Tf,  [III-9] 


where , 

Cl*  C2*  C3*  and  C4  arB  itlvarlBtlt  for  *  Siv®n  condition  ■  0 
for  single -tank  expulsion), 

T£  ■  the  final  fuel  tank  gas  temperature  (*K), 

tf  ■  the  average  fuel  tank  gas  temperature  (*F) , 

Equation  [III-9]  is  plotted  in  Fig.  HI-4  for  single-  and 
twin-tank  expulsion,  and  shows  that  the  sensible  heat  loss  con¬ 
straint  reduces  as  ullsge  temperature  increases.  Furthermore, 
sensible  heat  loaa  can  also  be  computed  directly  by  means  of 
Eq  [III-5]. 
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The  final  gas  temperatures  in  the  fuel  tank  were  then  computed 
by  a  trial  and  error  selection  of  final  gas  temperature  with 
simultaneous  solution  of  Eq  [II1-5]  and  [III-9]  .  The  results 
are  shown  In  Table  III-2,  which  indicates  that  wall  temperatures 
will  be  approximately  367°F  for  twin-tank  operation  with  a  full 
load  of  water  in  the  second  tank,  and  19Q'F  when  only  the  fuel 
tank  is  operated. 

In  an  attempt  to  obtain  a  better  understanding  of  the  heat 
distribution  from  the  reaction,  the  established  film  coefficients 
and  expected  temperature  relationships  w  ;re  analyzed  in  conjunc¬ 
tion  with  material  balance  information  reported  in  Chap.  III. A. 2. 
The  results  of  the  Phase  I  heat  balance  were  correlated  by  chem¬ 
ical  heat  input  calculations  before  attempting  to  scale  the  data 
to  predict  Phase  III  system  performance.  Since  maximum  system 
temperatures  and  reagent  consumption  were  expected  during  the 
water  expulsion  test  series  with  MTI  gas  generation  process  in 
the  primary  tank,  the  results  obtained  represent  the  most  adverse 
conditions. 

The  results  of  the  Phase  I  heat  balance  study  are  summarized 
in  Table  IXI-3,  with  the  corresponding  chemical  energy  released 
to  the  system  from  the  reaction  process.  The  heat  released  from 
the  reaction  process  was  based  on  the  following  process,  which 
was  established  by  an  analysis  of  the  identified  products  of 
reaction: 

4.48  S204  +  11.6  KjH4  +  5.3  H2H2  (C«3)2  -  19.9  N,  +  15.75  Hj  +  7.5  CHft  +  1.93  NH^ 

+  0.51  NO  +  0.15  C02  +  5.25  CO  +  9.5  HjO. 

The  heat  of  reaction  for  this  process  occurring  at  a  mixture 
ratio  (Wg/^p)  0-6  is: 


H 


c 


El  products  -  S2l  reac tants  m 
(lb  mole  M20^(mole  weight 


4800  Btu  lb/N204. 
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Table  III-3  Phase  I  Heat  Balance 


Heat  in  Fuel,  Expelled 

738  Btu 

Heat  in  Fuel,  Left  in  Tank 

480  Btu 

Heat  Flow  to  Oxidizer  lank 

43  Btu 

Flow  Work  (Fuel) 

23  Btu 

Heat  in  Fuel  Tank  Wall 

465  Btu 

Heat  in  Ullage  Gas 

38  Btu 

Approximate  Heat  in  System, 

Assuming  Ho  Condensation 

2387  Btu 

Approximate  Heat  with  SOI  H^O 

Condensation  * 

2087  Btu 

Approximate  Heat  with  80%  H,0 

Condensation 

1907  Btu 

Chemical  Energy  Released 

2380  Btu  (Ho  Condensation) 

(Based  on  Reagent  Injected 

0.412  lb) 

2060  Btu  (50%  Condensation) 

1900  Btu  (80%  Condensation) 

Q 
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The  basic  technique  used  in  the  solution  to  the  heat  balance, 
based  on  chemical  energy  released  to  the  system,  also  involved 
scaling  the  Phase  1  heat  balance  to  comparable  levels  expected  in 
the  full-size  demonstration  system  by  the  techniques  contained  in 
Appendix  E,  Since  the  heat  absorbed  by  the  system  wsb  a  function 
of  the  chemical  energy  released  from  the  MTI  process,  the  amount 
of  heat  absorbed  by  the  system  and  chemical  energy  required  were 
computed  separately  as  a  function  of  ullage  gas  temperature.  They 
were  plotted  in  Fig.  III-5  for  the  secondary  tank  tests  with  water 
and  nitrogen  tetroxide.  The  intersection  of  the  two  curves  rep¬ 
resents  a  heat  balance  at  a  primary  tank  gas  temperature  of  750°F 
for  the  water-filled  secondary  tank.  Figure  1II-6  is  a  block  dia¬ 
gram  showing  the  energy  distribution  at  this  condition,  which 
results  in  a  final  tank  wall  temperature  of  474®F.  For  an  oxidizer- 
filled  secondary  tank,  the  maximum  expected  wall  temperature  was 
338 #F.  Equivalent  primary  tank  wall  temperature  for  tests  with 
the  oxidizer-filled  secondary  tank  were  computed  from  the  reduc¬ 
tion  in  reagent  consumption,  and  corresponding  chemical  energy 
was  dissipated  during  the  PhaBe  I  test  program. 

A  summary  of  the  heat  absorbed  by  the  Phase  tit  system  is  pre¬ 
sented  in  Table  111-4  for  various  primary  tank  gas  temperatures 
based  on  Phase  1  system  data  with  a  water-filled  secondary  tank. 

The  corresponding  chemical  energy  released  in  generating  the  re¬ 
quired  quantity  of  gas  at  the  various  temperatures  is  included, 
based  on  the  following  relationship: 


/VA/TGFT.  .  +  460\ 
Qln2  "  (WRl)  C4800  Btu/lb)\v[j\TGFT2£  +  46oj* 


where , 


V2/V l  -  56.2. 


Predicted  performance  for  the  Phase  Ill  common  ullage  demon¬ 
stration  test  configuration  is  shown  in  Fig.  XII-7  and  II1-8. 

These  curves  are  baaed  on  a  nominal  36-paia  tank  pressure,  with 
an  Initial  22%  primary  tank  ullage  and  5%  secondary  tank  ullage 
and  oxidizer  In  the  zecondary  tank.  Surface  solid-stream 

Injection  was  used  in  primary  tank  pressurization,  and  the  sec¬ 
ondary  tank  was  pressurized  by  subsurface  gas  impingement.  Pro¬ 
pellant  tank  ullage  and  outlet  pressures  shown  represent  the 
expected  variations  due  to  changes  in  propellant  static  head. 

The  resulting  pressure  decay  used  to  expel  the  residual  propellant 
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by  ullage  gas  expansion  was  also  Indicated.  Due  to  a  decrease  In 
actual  reaction  mixture  ratio  obtained  during  the  Phase  III  fuel 
tank  tests  the  reagent  consumption  predicted  la  approximately 
twice  that  which  would  be  expected  from  a  full-scale  system  com¬ 
mon  ullage  test .  A  prediction  of  dual  reagent  Injection  pressuri¬ 
zation  performance  was  made  with  the  IBM  7094  computer  program  and 
Is  shown  in  Chap.  V,A. 


Table  III-4  Phase  III  Heat  Balance 


TGFTf2 

Assumed  Final  Fuel  Tank  Ullage 
Temperature,  TDFTf2 

Item 

400*F 

500  *F 

600  *F 

700  *F 

800  »F 

Absorbed  fBtul 

Heat  Into  Fuel 

20,300 

28,100 

35,900 

43,400 

51,000 

Heat  to  Oxidizer  Tank 

4,600 

6,200 

7,600 

8,900 

10,300 

Flow  Work 

1,340 

1,340 

1,340 

1,340 

1,340 

Heat  to  Tank  Hall 

4,080 

5,280 

6,470 

7,690 

8,870 

Heat  to  Atmosphere 

300 

410 

530 

640 

760 

Heat  in  Ullage  Gas 

4,020 

5,200 

6,400 

7,600 

8,700 

Total  (Btu) 

34,640 

46,530 

58,240 

69,770 

80,970 

Generated  <Btu) 

Hater-Filled  Secdftdary  Tank 

104,500 

93,500 

84,800 

77,500 

71,300 

Oxidlaer-Filled  Secondary 
Tank 

59,000 

53,000 

48,000 

43,800 

40,300 
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Fig.  111-6  Phase  III  Heat  Balance  Flow  Diagram  Inert  Oxldlter 
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Fig.  III-8  Phase  III  System  Propellant  Tank 
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2.  Mass  Balance 


A  technique  for  establishing  the  actual  reaction  mixture  ratio 
of  the  dual  Injection  and  common  ullage  Mil  systems  was  developed 
based  on  an  analysis  of  the  gaseous  products  of  reaction  and  the 
known  quantity  of  injected  reagent.  Although  a  hypothetical  com¬ 
position  of  the  condensed  products  of  reaction  is  obtained,  fairly 
good  correlation  of  actual  quantities  produced  in  the  experimental 
program  was  achieved.  A  summary  of  the  results  of  the  material 
balances  performed  are  contained  in  Table  II1-5  for  both  the  full- 
scale  and  research  test  system  with  the  analytical  technique  ex¬ 
plained  in  the  following  paragraphs.  A  significant  increase  in 
gas  generation  rate  was  experienced  in  the  Phase  111  system  (fuel 
tank  from  2.13  to  6  .A  lb  gas/lb  reagent  and  oxidizer  tank  from 
2.8S  to  6.3  lb  gas/lb  reagent)  primarily  due  to  the  change  in 
reaction  mixture  ratio  resulting  from  the  increase  in  injector 
orifice  diameter. 


Table  III-5  MTI  Combustion  Product  Mass  Balance  Summary 


Configuration 

Molecular 

Weight 

(lb/lb 

mole) 

Comb. 

Prod 

(lb) 

gas 

Water 

Weight 

(lb) 

Total 

Conden¬ 

sate 

Weight 

(lb) 

Re agent 
Weight 
(lb) 

Reaction 

Mixture 

Ratio 

(VW 

Phase  I 

36 

15.77 

0.412 

0.208 

0.316 

0.278 

0.62 

Fuel  Tank 
(direct  Injection) 

Phase  111 

36 

15.98 

17.9 

n 

3.6 

2.9 

0.16 

8 

Phase  I 

36 

29.51 

0.313 

0.165 

0.192 

0.151 

2.34 

Oxidizer  Tank 
(direct  injection) 

Phase  III 

36 

30.5 

20.8 

3.27 

16.54 

3.3 

10.32 

Oxidizer  Tank 
(direct  injection) 

Phase  I 

36 

23.04 

0.493 

0.226 

. _ 

0.258 

0.329* 

1.28 

Oxidizer  Tank 
(common  ullage) 

^Consists  of  0.263  lb  of  fuel(gunk)  and  the  rest  primary  gaseous  combustion 
products . 
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Phase  X  Small-Scale  System  -  Balanced  chemical  equations  for 
the  dual  reagent  Injection  and  common  ullage  systems  were  first 
required  to  determine  the  actual  quantities  of  reactive  constitu¬ 
ents  and  unidentified  condensed  materials  either  formed  or  con¬ 
densed  in  the  pressurization  process.  For  the  common  ullage 
configuration  the  total  weight  of  gaseous  combustion  products  in 
the  primary  tank  was  computed  by  the  IBM  1620  ullage  dilution 
program.  Reagent  consumption  (an  actual  test  measurement)  and 
gas  analysis  by  mass  spectormeter  was  provided  for  all  tests. 

The  material  balance  is  obtained  by  attributing  all  unaccountable 
oxygen  to  condensed  water  and  making  a  hydrogen  or  nitrogen  bal¬ 
ance,  based  on  which  balance  satisfied  minimum  requirements.  The 
small  remaining  amount  of  carbon  and  nitrogen  or  hydrogen  waB  at¬ 
tributed  to  gunk. 

Fuel  Tank  Direct  Injection  *  The  chemical  reaction  investigated 
for  a  typical  Phase  I  fuel  tank  test  at  36  psla  gave  the  following 
balanced  equation: 

0.278  lb  N204  +  0.450  lb  fuel-**  4 .354  scf  t<2  +  4.107  scf  H2  + 

+  1.257  scf  CH4 

+  0.01  scf  NH3  +  0.119  scf  NO  + 

+  0.040  scf  C02 

+  0.01  scf  02  +  0.208  lb  H20  + 

+  0.049  lb  C 

+  0.061  lb  N . 

The  gaseous  combustion  products  totaled  9.897  scf,  equivalent 
to  0.412  lb,  with  a  molecular  weight  of  15.77  for  the  solid  stream 
surface  injection  process  with  a  0.014-in.  dia  injector  orifice 
at  a  differential  pressure  of  75  psla.  A  complete  analysis  of 
the  gaseous  combustion  products  is  presented  in  Chap.  1I.C.1. 

The  Increase  in  combustion  product  molecular  weight  at  100  and 
200  psla  operating  pressures  precipitated  additional  study  of  this 
reaction.  For  the  200  psla  reaction  the  following  reaction  process 
was  established: 
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0.629  lb  N204  +  1.876  lb  fuel —►IS  .71  scf  N2  +  7.12  acf  H2  + 

+  7,4  acf  CH4 

+  0.61  scf  NH3  +  1.3  scf  NO  + 

+  0.43  scf  C02  +  0.22  scf  H20 

+  0.33  scf  02  +  0.349  lb  H20  + 

+  0.127  lb  C  +  0.082  lb  H. 

A  total  of  36.12  scf  of  gaseous  combustion  products,  equivalent 
to  1  .947  lb,  was  produced  at  a  molecular  weight  of  20.46  with  a 
reaction  mixture  ratio  of  0.34.  Because  the  amount  of  test  data 
available  on  the  high  pressure  process  were  limited,  the  results 
should  be  considered  approximate  In  view  of  the  large  amount  of 
liquid  hydrogen  compounds  required  to  balance  the  equation. 

Oxldlser  Tank  Common  Ullage  System  -  For  the  subsurface  Im¬ 
pingement  In  the  oxldlaer  tank,  the  mass  of  crossflow  gas  was 
considered  as  the  difference  between  the  total  calculated  by  the 
ullage  dilution  program  and  the  amount  remaining  In  the  primary 
tank  at  the  end  of  the  run.  The  total  secondary  reaction  gaseous 
combustion  products  were  also  calculated  by  the  ullage  dilution 
program  based  on  the  actual  concentration  of  N02  vapors  In  the 

ullage .  Any  gunk  cross  flow  was  assumed  to  be  essentially  fuel 
and  a  simultaneous  nitrogen  and  oxygen  balance  determined  the 
relative  amounts  of  N02  (or  N204)  and  gunk  required  to  complete 
the  equation; 

1.6  scf  primary  combustion  products  +  0.263  lb  fuel  +  0.422 

ib  n2o4 

♦  4.84  scf  N2  +  1.57  scf  Hj  +  0.47  scf  CR4  +  0.356  scf  C02 

+  0.202  scf  H20  +  0.656  scf  02  +  0.226  lb  HjO  +  0.033  lb  C. 

The  gaseous  combustion  products  totaled  8.094  scf,  equivalent  to 
0.491  lb,  with  a  molecular  weight  of  23.04  for  the  Phase  I  con¬ 
figuration.  Actual  composition  of  the  gaseous  combustion  products 
is  presented  in  Chap  ■  II .C  .1 .  The  total  mass  balance  for  both  the 
primary  and  secondary  tanks  if  represented  schematically  in  Fig. 
I1I-9 . 
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Cross  Flow 
Primary  Combustion 
Products  0,329  lb  (0.263  lb  gunk) 


Fig,  1X1-9  Phase  1  Maas  Balance  Schematlcal  Representation  for  the  Common 
Ullage  Configuration 
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Oxidizer  Tank  Direct  Inlection  -  The  pressurization  reaction 
for  direct  fuel  injection  in  the  oxidizer  tank  is  given  by  the 
following  equation: 

0.151  lb  fuel  +  0.354  lb  N  O — *>2.65  scf  N,  +  0.07  scf  H  + 

+  0.03  scf  CH4  4 

+  0  .03  scf  NH3  +  0  .46  scf  C02  +  0  .13  sch  H20  +  0  .65  scf  02 


+  0.165  lb  H20  +  0.014  lb  N  +  0.015  lb  C. 

The  gaseous  combustion  product  totaled  4.02  scf,  equivalent  to 
0.313  lb,  with  a  molecular  weight  of  29.51.  Oxidizer  tank  injec¬ 
tion  was  at  the  same  condition  as  in  the  fuel  tank.  A  description 
of  the  actual  composition  of  the  combustion  products  contained  in 
Chap.  Il.C.l.  Since  no  significant  change  in  gas  molecular  weight 
occurred  at  100  and  200  pala,  additional  analysis  of  the  reaction 
was  not  necessary. 

Phase  III  Full-Scale  System  -  Early  predictions  of  Phase  III 
system  performance  based  on  the  Phase  I  data  were  unsatisfactory 
due  to  changes  in  the  reaction  process  and  because  the  material 
balance  had  to  be  revised  based  on  actual  test  data.  The  Phase 
III  system  material  balance  reported  was  performed  similarly  to 
the  Phase  I  reaction.  The  results  are  based  on  a  single  investi¬ 
gation,  and  allowance  must  be  made  for  variation  in  the  calculated 
values  although  the  combustion  product  molecular  weights  correla¬ 
ted  with  the  earlier  data  obtained.  Since  the  full-scale  system 
was  not  tested  with  the  common  ullage  configuration  because  of 
safety  considerations,  only  the  direct  reagent  injection  method 
of  pressurization  was  analyzed  for  each  tank.  The  apparent  reac¬ 
tion  mixture  ratio  shift  experienced  in  the  Phase  I  fuel  tank  at 
high  pressures  was  again  noticed  with  the  full-scale  system  at 
low  pressures .  The  shift  was  probably  caused  by  a  change  in  reac¬ 
tion  kinetics  brought  about  by  an  increase  in  quantity  of  reagent 
injected.  Further  investigation  is  warranted  to  establish  empiri¬ 
cal  relationships  defining  the  influencing  parameters . 

Fuel  Tank  Direct  Injection  -  The  chemical  reaction  investi¬ 
gated  for  the  Phase  III  system  operating  at  37  psia  with  solid 
stream  surface  nitrogen  tetroxide  injection  gave  the  following 
balanced  equation : 
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2.9  lb  N204  +  18.6  lb  fuel-»-145.3  scf  U2  +  138.0  scf  H2  + 

+  69,0  scf  CH. 

4 

+  66.4  scf  NH3  +  6.4  scf  NO  +  0  .9  scf  C02 

+  1.9  lb  H20  +  0.2  lb  H  +  1.5  lb  C. 

The  gaseous  combustion  products  totaled  425  .96  scf,  equivalent  to 
17.9  lb,  with  a  molecular  weight  of  15.98  for  the  solid  stream 
surface  injection  process  with  a  0.047-in.  dla  injector  orifice 
at  a  differential  pressure  of  75  psi.  A  complete  analysis  of  the 
gas  is  presented  in  Chap.  IV  .C  .3. 

Oxidizer  Tank  Direct  In  lection  -  The  Phase  111  reaction  in  the 
oxidizer  tank  resulting  from  pressurization  to  37  psia  by  direct 
fuel  injection  with  the  0  .047-ln.  dia  solid  stream  Injector  gave 
the  following  balanced  equation: 

3.3  lb  fuel  +  33.45  lb  N204-H*-167  scf  N2  +  2.6  scf  NH^  +  38.9 
scf  C02  +  8  scf  H2Q  +  41.5  scf  02  +  3.27  lb  H20  +  13.27  lb  02> 

For  this  reaction  258  scf  of  gaseous  combustion  products,  equiva¬ 
lent  to  20.8  lb,  were  generated  at  a  molecular  weight  of  30  .63. 

The  apparent  large  quantity  of  condensed  oxygen  compounds  re¬ 
quired  for  the  balance  resulted  from  the  amount  of  gaseous  com¬ 
bustion  products  generated.  This  quantity  of  combustion  gas  was 
required  to  perform  an  energy  balance  on  the  Phase  III  system  with 
the  MTI  mathematical  model .  An  initial  attempt  at  a  pure  mass 
balance  Indicated  that  13.73  lb  of  gaseous  combustion  products 
were  formed  at  a  reaction  mixture  ratio  of  5.93.  However,  5.84 
lb  of  02  would  still  be  required  to  balance  the  reaction  equa¬ 
tion.  For  additional  performance  prediction  the  reaction  re¬ 
sulting  from  the  energy  balance  was  used. 

3.  Predicted  Performance 

Early  attempts  to  predict  MTI  pressurization  system  perform¬ 
ance  were  based  on  a  simplified  mathematical  model  programed  on 
the  IBM  1620  computer .  Due  to  the  limited  capacity  of  the  1620 
computer,  a  larger  model  was  programed  on  the  IBM  7094  with  ad¬ 
ditional  process  description  and  capability  for  computing  com¬ 
mon  ullage  system  performance.  In  predicting  MTI  pressurization 
system  performance  two  distinct  areas  of  difficulty  were  encoun¬ 
tered.  It  was  necessary  to  establish  empirical  relationships 
concerning  the  following  items: 
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1)  Influence  parameters  affecting  reaction  mixture  ratio, 
adiabatic  flame  temperature,  gas  molecular  weight  and 
condensibles  formed. 

2)  Influence  parameters  affecting  the  combustion  zone 
area . 

These  problems  were  more  predominant  in  the  fuel  tank  as  shown  by 
variations  in  accumulated  data.  To  better  understand  process 
characteristics,  several  theoretical  studies  (described  earlier 
in  this  section)  ware  performed  to  establish  heat  and  mass  bal¬ 
ances  for  both  the  dual  injection  and  common  ullage  pressuriza¬ 
tion  processes  .  Most  of  the  early  analysis  was  performed  on  the 
common  ullage  system  because  of  the  complexity  of  the  pressuriza¬ 
tion  process.  However,  techniques  of  predicting  performance  with¬ 
out  a  computer  for  both  the  common  ullage  and  dual  Injection 
systems  were  established  and  are  described  in  Chap.  V.B. 

As  sufficient  test  data  were  accumulated  from  the  small-scale 
test  program,  the  film  coefficient  and  process  characteristics 
identified  were  used  in  the  IBM  7094  mathematical  model  to  estab¬ 
lish  correlation  with  the  actual  test  data.  Subsequent  predic¬ 
tion  of  full-scale  system  performance  and  the  Titan  II  and  Titan 
III  transtage  performance  was  based  on  the  coefficients  estab¬ 
lished.  Due  to  a  change  in  the  reaction  in  the  larger  system, 
adjustments  were  made  in  the  reaction  mixture  ratio  to  obtain 
good  correlation.  The  lack  of  a  suitable  method  to  empirically 
establish  the  reaction  mixture  ratio  as  a  function  of  the  perti¬ 
nent  variables  is  a  problem  that  warrants  further  study.  Empiri¬ 
cal  relationships  were  developed  for  the  combustion  zone  area, 
and  are  incorporated  in  the  computer  program  as  a  function  of 
reagent  mass  flow  rate.  The  effects  of  changes  in  orifice  area 
or  injector  differential  pressure  are  unknown.  In  arriving  at 
full-scale  system  performance  predictions,  the  combustion  area 
coefficient  was  increased  in  proportion  to  the  orifice  area  since 
the  injector  differential  pressure  was  unchanged.  All  other  co¬ 
efficients  ware  identical  to  those  established  from  the  Phase  1 
test  program  and  later  modified  to  reflect  actual  Phase  III  con¬ 
ditions  encountered.  The  extent  of  correlation  achieved  with  the 
36  psia  tests  can  be  seen  from  Fig.  III-10  thru  111-12.  Due  to 
unresolved  problems  with  the  conmon  ullage  portion  of  the  KI1  and 
mathematical  model  a  comparison  was  not  achieved  in  Fig.  III-12. 
Insufficient  data  were  available  to  obtain  precise  correlation 
with  the  higher  pressure  tests.  The  best  correlation  was  achieved 
by  assuming  the  reaction  mixture  ratio  did  not  change  with  an  in¬ 
crease  in  operating  pressure  in  the  fuel  tank.  Phase  III  predic¬ 
ted  performance  is  shown  in  Fig.  111-13  and  III-14.  A  comparison 
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with  actual  data  obtained  is  presented  in  Chap.  V.A.  In  general 
the  predicted  gas  and  tank  wall  temperatures  are  lower  than  the 
test  values  since  the  mathematical  model  computes  the  average 
3as  temperature  and  the  test  measurement  represents  the  maximum 
value.  A  good  comparison  of  predicted  and  actual  propellant 
temperatures  cannot  be  achieved  due  to  poor  resolution  of  the 
test  measurements  for  the  small  temperature  changes  experienced. 

The  use  of  the  IBM  7094  mathematical  model  in  predicting  MTI 
pressurization  performance  requires  a  knowledge  of  process  char¬ 
acteristics  in  order  to  input  the  proper  operating  conditions. 
Pertinent  areas  involved  are  system  physical  characteristics, 
chemical  reaction  description,  combustion  product  thermodynamic 
properties,  and  heat  transfer  characteristics  of  the  pressuriza¬ 
tion  process.  Physical  characteristics  of  the  system  are  taken 
from  the  particular  application  with  the  proper  option  selected 
(i.e.,  number  tanks,  type  injection,  vapor  dissociation,  etc). 

The  injector  orifice  area  and  discharge  coefficient  must  be 
assumed.  As  the  injector  orifice  area  influences  the  combustion 
area  and  the  effects  of  reagent  supply  pressure  are  not  fully 
understood,  some  tolerance  on  predicted  performance  should  be 
allowed  for  applications  deviating  radically  from  the  conditions 
of  the  experimental  and  development  programs. 

The  description  of  the  reaction  process  has  been  obtained  from 
the  test  programs  and  primarily  represents  empirical  data.  The 
reaction  mixture  ratio  (RMK),  ratio  of  condensibles  to  total  com¬ 
bustion  products  generated  (RCLP) ,  and  molecular  weight  (XMWCP) 
of  the  gaaeous  combustion  products  are  determined  from  the  ex¬ 
perimental  test  results  based  primarily  on  the  gas  analysis  while 
the  heat  of  vaporisation  (HLCLP)  and  specific  heat  (CPCLP)  of  the 
condensed  products  of  reaction  are  considered  to  have  the  same 
properties  as  water .  The  flame  temperature  (TFP)  is  determined 
theoretically  by  first  establishing  the  heat  of  reaction: 

Reactants  -  Products 

Since  the  heat  of  reaction  is  also  equal  to  the  change  in  en- 
thalphy  of  the  products, 

[Z\  ‘  ^  »il*  \  “»•  •"  -  »rS tTTb  mole  *  “ 
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where 


MF^  is  the  mole  fraction  of  each  of  the  combustion  pro¬ 
duct  constituents,  V  ,  is  the  standard  cubic  feet  of 
’  atd 

products,  and  AT  is  the  temperature  of  reaction  minus 
the  initial  temperature  of  the  reactants. 

The  reaction  temperature  can  be  solved  by  a  trial  and  error  method 
based  on  actual  mean  heat  capacities  of  the  constituents  of  the 
products.  The  theoretical  flame  temperatures  calculated  from  the 
actual  reaction  products  are  shown  in  Fig.  111-16  as  a  function  of 
reaction  mixture  ratio.  Combustion  product  physical  properties 
shown  in  Fig.  III-17,  111-18,  and  III-19  are  based  on  the  char¬ 
acteristics  of  the  actual  constituents  and  are  calculated  before 
input  for  the  anticipated  range  in  operating  temperature.  Ther¬ 
mal  conductivity  (XKCP)  based  on  the  following  relationship: 

n 

XKDCP  -J]  MFt  Kt 

i-1 


and  heat  capacity: 


CPCP^]  Cp 
i-1  i 

The  viscosity  of  the  gaseous  combustion  products  (XMVCP)  is  deter 
mined  theoretically  from: 


n 

IX  “f V55! 

XMVCP  -  ^ - 

2>iA^I 

Heat  transfer  computation  in  the  mathematical  model  requires 
establishing  proper  coefficients  from  experimental  data  for  use 
with  standard  natural  convection  relationships .  The  thermody¬ 
namics  of  the  system  are  based  on  the  transfer  of  heat  from  a 
combustion  zone  below  the  liquid  surface.  Met  heat  transfer  from 
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the  reaction  is  considered  between  the  combustion  gas  to  the  liq¬ 
uid  propellant,  combustion  liquid  to. the  liquid  propellant,  and 
combustion  gas  to  the  tank  ullage.  Values  lot  determining  the 
quantity  of  condensibles  formed  are  shown  below  with  the  pertinent 
heat  transfer  coefficients  based  on  the  Phase  I  test  program  re¬ 
sults. 


Mathematical  Model  Heat  and  Mass  Transfer  Coefficients 


CACP 

CHC 

- - 

XFGWP 

CFGWP 

XFGLP 

CFGLP 

XFLWP 

CFLWP 

RCLP 

RM 

XMW 

Fuel 

Tank 

0.64 

0.19 

0.25 

0.31 

0.25 

0.31 

0.25 

0.25 

0.44 

0,62 

16. 

Oxygen 

Tank 

0.64 

0 

0.25 

0,05 

0.25 

0.05 

0.25 

0.25 

0.38 

2.34 

29.5 

The  combustion  zone  area  constant  (CACP)  appears  to  vary  di- 

“6  2 

rectly  as  the  injector  orifice  area  that  was  1.07  x  10"  ft  for 
the  Phase  I  system  while  all  of  the  additional  heat  transfer  con¬ 
stants  remained  unchanged  for  the  larger  systems  analyzed.  This 
data  was  generated  with  a  75  psi  injector  differential  pressure 
at  a  36  psia  propellant  tank  pressure, 

The  general  outline  of  the  computer  program  is  shown  in  Fig. 
III-20  and  described  in  detail  in  Appendix  F.  This  program  has 
been  used  for  the  prediction  of  Phase  III  full  scale  system  per¬ 
formance  as  well  as  the  Titan  II  and  Titan  III  tran3tage  perform¬ 
ance  with  an  MTTI  pressurization  system  based  on  the  empirically 
derived  heat  transfer  relationship  from  the  Phase  I  experimental 
program.  Unique  features  of  this  program  include  the  calculation 
of  heat  transfer  from  a  combustion  zone  in  the  liquid  propellant 
depending  on  the  primary  tank  theoretical  combustion  process  char¬ 
acteristics  in  addition  to  the  determination  of  secondary  tank 
thermodynamics  based  on  a  specified  amount  of  reaction  occurring 
in  either  the  tank  liquid  or  ullage  in  a  common  ullage  arrangement. 
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Fig,  III- 14  Phase  III  MTI  Oxidizer  Tank  Performance,  predicted 
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(Fig.  III-15  not  used.) 
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Fig,  111-16  Theoretical  Reaction  Temperature  Baaed  on  Actual  Combustion 
Products  at  36  psia 
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The  program  logic  is  as  follows:  after  setting  the  initial 
conditions,  all  required  tank  conditions  are  calculated.  A  check 
for  shutdown  is  made,  then  secondary  tank  change  rates  arc  com¬ 
puted  and  the  cross  flow  determined.  For  a  single  tank  system 
or  dual  reagent  injection,  the  cross  flow  is  set  to  zero  and  the 
secondary  tank  omitted.  Next,  the  primary  change  rates  are  cal¬ 
culated  and  the  time  increment  fixed.  The  program  next  calculates 
the  new  conditions  throughout  the  system  and  checks  for  shutdown. 

The  system  conditions  are  printed  out  at  specified  intervals. 
Shutdown  occurs  when  propellant  level  in  either  tank  is  below  an 
input  low  limit,  or,  for  the  constant -flow  orifice  injection  only, 
when  the  primary  tank  pressure  exceeds  a  specified  range.  After 
shutdown,  summation  of  several  parameters  are  printed  out  and  the 
program  stops.  Output  is  time,  tank,  gas  and  liquid  temperatures, 
gas  and  total  pressure,  gas  and  total  pressure,  gas  composition 
and  molecular  weight,  number  of  calculations  made,  weight  of  re¬ 
actant,  and  fraction  of  combustion  products  in  propellant.  At 
shutdown,  all  of  the  preceding  are  output,  along  with  total  weight 
of'  gaseous  liquid  combustion  products  and  the  total  cross  flow 
by  component . 

Heat  transfer  computations  consider  heat  exchange  between  the 
bulk  gas  and  adjacent  tank  wall,  the  bulk  gas  and  liquid  surface, 
the  liquid  and  the  adjacent  tank  wall,  and  wall  to  outside  atmos¬ 
phere.  Internal  heat  transfer,  excluding  that  from  the  combustion 
zone,  is  based  on  the  standard  convective  heat  transfer  film  coef¬ 
ficient; 

H  =  C(k/D)[D3p2  gp  AT  Cp//(uk)]  , 

where  C  and  X  have  been  determined  from  the  Phase  I  experimental 
program  and  a  subroutine  Is  used  to  calculate  each  gas  film  heat 
transfer  coefficient.  Heat  transfer  to  the  liquid  from  the  combus¬ 
tion  zone  is  based  on  a  purely  empirical  relationship; 

«c  -  »c  *c  "  *°'87  <*»  -  *0 

where  the  combustion  film  coefficient,  Hc  (or  CHC)  and  Ac  (or 

CACP)  i  re  assumed.  Similarly,  thermodynamic  heating  to  the  tank 
wall  it  computed  for  each  time  increment  by  a  separate  routine 
from  tie  following  relationship; 

<JA  "  ha  ^  (ta  -  Tw) 
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where  H  (or  HAP)  and  T.  (or  TAWP)  have  been  computed  by  a  sepa- 

A  ** 

rate  program  for  a  characteristic  missile  trajectory  and  is  input 
as  a  function  of  time,  is  the  theoretical  heat  transfer  coef¬ 
ficient  and  T  is  the  adiabatic  skin  temperature.  Since  the  aero- 
A 

dynamic  heating  is  handled  by  a  separate  program,  considerable 
detail  has  been  incorporated  to  obtain  data  over  typical  ranges 
in  Mach  number  for  a  given  trajectory.  Although  the  aerodynamic 
heating  computation  is  performed  separately,  the  heating  rates 
are  considered  valid  for  the  application  since  the  tank  wall  dif¬ 
ferential  temperature  term  is  not  omitted. 

In  addition  to  the  heat  transfer  function  mentioned,  heat 
transfer  to  the  liquid  by  condensation  of  reaction  products  or 
the  remaining  energy  from  combustion  going  into  the  ullage  gases 
is  also  considered.  Similar  relationships  are  also  used  where 
a  secondary  reaction  occurs  between  the  cross  flow  and  secondary 
liquid  and/or  vapors.  In  this  case,  however,  the  adiabatic  flame 
temperature  is  corrected  to  reflect  the  damping  effect  of  inert 
pressurizing  gas  in  the  cross  flow.  The  calculation  of  the  mass 
of  gas  cross  flow  assumes  no  heat  transfer  or  time  delay  in  the 
common  ullage  line.  Pressure  drop  through  the  line  is  input,  The 
program  first  determines  if  cross  flow  is  required  to  maintain  a 
set  pressure  in  the  secondary  tank,  then  checks  pressures  to  make 
sure  cross  flow  is  possible.  If  cross  flow  is  required  and  per¬ 
missible,  it  is  calculated  for  a  1-sec  increment,  based  on  existing 
primary  tank  gas  conditions.  Secondary  tank  pressure  may  be  gas 
pressure  or  may  include  the  liquid  head.  In  each  computational 
sequence,  the  program  recalculates  the  dependent  parameters  of 
propellant  out  flow,  work  of  expelling  the  propellant,  gas  heat 
capacity,  and  sample  bleed  for  each  tank. 

If  primary  injection  is  by  a  constant  flow  orifice,  time  in¬ 
crements  for  each  calculation  are  input,  and  may  be  t ime -dependent . 
If  a  pulse  injection  technique  is  used,  an  on-off  switching  se¬ 
quence  computes  the  time  interval  for  the  primary  tank  pressure  to 
either  build  up  to  the  high  limit  or  decay  to  a  low  limit.  These 
limiting  pressures  may  be  ullage  gas  pressure  or  may  include  the 
liquid  head. 

Since  Phase  I  tests  show  that  propellant  vaporization  depends 
on  MTI  injection  and  combustion  technqiues,  the  vapor  pressure  is 
handled  by  the  relationship,  P  -  CV,  where  V  is  the  vapor  pressure 
based  on  the  liquid  temperature  and  P  is  the  partial  pressure  of 
the  vapor.  C  is  based  on  test  data  and  can  be  time -dependent . 
Evaporation  occurs  to  satisfy  this  relationship  with  accompanying 
heat  transfer. 
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B.  SYSTEM  DESIGN 


The  initial  design  of  the  full  scale  flight  weight  Main  Tank 
Injection  Pressurization  System  was  based  on  low  pressure  system 
criteria  established  as  a  result  of  several  preliminary  investi¬ 
gations  that  are  reported  in  Chapter  II.  A.  Consequently  an 
operating  pressure  of  36  +  1  psia  was  selected  for  the  2,000  gal. 
tankage  with  a  150  sec  run  duration.  Although  the  capacity  ex¬ 
ceeds  the  minimum  required  volume  by  100%,  the  availability  of 
scrap  missile  aluminum  tankage  provided  a  flight  type  system  at 
a  minimum  cost.  The  system  has  capability  for  a  3  to  1  variation 
in  propellant  outflow  rate,  coast  and  restart,  and  residual  pro¬ 
pellant  expulsion  by  a  polytropic  gas  expansion  process.  Flexi¬ 
bility  of  the  design  provided  early  initiation  of  manufacturing 
drawings  to  allow  scheduling  compatible  with  current  Titan  I  and 
Titan  II  manufacturing  effort.  The  completion  of  the  final  de¬ 
sign  effort  was  based  on  recommendations  resulting  from  the  small 
scale  experimental  test  program.  A  brief  description  of  the  De¬ 
sign  Criteria,  System  Design,  and  Prototype  fabrication  are  con¬ 
tained  in  the  following  paragraphs. 


Design  Criteria  -  From  the  results  of  the  preliminary  inves¬ 
tigations,  pertinent  MTI  system  design  requirements  were  incor¬ 
porated  in  a  Design  Criteria  Document  (LAB  600  3  2  51)  with  additional 
specific  details  concerning  the  full  scale  demonstration  system 
to  be  built.  The  document  served  to  identify  specific  demonstra¬ 
tion  system  characteristics,  as  much  of  the  system  was  defined 
from  earlier  investigations,  in  addition  to  providing  general  cri¬ 
teria  for  chemical  pressurization  systems.  The  MTI  Systems  Design 
Criteria  describes  a  ground  demonstration  common  ullage  system  of 
the  type  successfully  tested  on  a  small  scale  basis  (Fig,  III-21)  . 
However,  subsequent  investigation  of  current  Martin  safety  re¬ 
quirements  resulted  in  the  selection  of  a  dual  reagent  Injection 
system  for  full  scale  demonstration.  Consequently  the  description 
of  the  demonstrated  system  would  consist  of  Identical  systems  for 
fuel  and  oxidizer  tank  similar  to  the  existing  fuel  tank  direct 
reagent  injection  pressurization  system,  Functionally,  the  bi¬ 
injection  system  operated  in  each  tank  similar  to  the  fuel  tank 
pressurization  system  with  the  common  ullage  line  isolation  valve 
closed  thereby  providing  separate  testing  of  each  propellant  tank 
pressurization  system. 
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Schematic  (Preliminary) 
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Pressurization  Systems  -  The  basic  criteria  for  pressurization 
system  design  wa~  to  achieve  a  light  weight  low  pressure  system 
by  generation  of  a  low  density  pressurant  (gas  molecular  weight 
less  than  15)  from  relatively  high  density  reactants  with  an  em¬ 
phasis  on  increasing  system  reliability  by  minimizing  the  number 
of  components  required.  Since  precise  pressure  control  (within 
+1  psi)  was  desired  a  pulse  injection  system  was  mandatory  to 
achieve  consistent  performance  and  minimize  variations  in  the 
reaction  process  due  to  pressurant  demand  for  a  variable  propel¬ 
lant  outflow  rate.  For  applications  where  continuous  engine 
operation  is  anticipated  and  a  greater  tolerance  in  tank  pressure 
is  allowed  as  in  a  booster  application;  greater  reliability  can 
be  achieved  by  replacing  the  pressure  control  mechanism  with  a 
calibrated  orifice.  As  a  result  of  initial  tests  performed  on 
the  small  scale  system,  solid  stream  surface  reagent  injection 
was  selected  for  fuel  tank  pressurization  with  subsequent  pres¬ 
surization  of  the  oxidizer  tank  by  the  combustion  products  ad¬ 
mitted  to  the  tank  bottom  through  a  common  ullage  line  and 
isolation  valve.  In  order  to  prevent  engine  mixture  ratio  shift 
during  operation,  it  was  desired  to  maintain  the  discharge  pres¬ 
sures  equal  at  each  tank  outlet,  however,  the  inherent  character¬ 
istics  of  the  common  ullage  pressurization  process  required  a 
small  differential  pressure  between  each  tank.  A  nominal  36  psla 
operating  pressure  was  selected  for  the  fuel  tank  based  on  current 
turbo-pump  NPSH  requirements.  Consequently  fuel  tank-top  pressure 
was  set  at  36  ±1  psia  that  results  in  an  uxldizer  tank-top  pressure 
of  31  ±1  psia  at  start  and  34  ±1  psla  at  termination  of  injection 
due  to  the  method  of  introducing  pressurising  gas  into  the  oxidizer 
tank.  This  change  in  ullage  pressure  is  caused  by  the  decreasing 
oxidizer  head  since  constant  pressure  control  is  maintained  at  the 
tank  outlet. 

Pressurizing  capability  of  the  system  was  dictated  by  the 

3 

558  ft  total  propellant  tank  volume  considering  a  common  ullage 
configuration  with  approximately  507,  of  the  oxidizer  pressurization 
requirement  supplied  by  a  secondary  reaction.  Minimum  Initial 
ullage  volume  was  established  at  17,  with  the  77.  residual  propellant, 
provided  for  system  cooling,  expelled  by  the  gas  expansion  process 
after  injection  termination.  A  pressurized  reagent  storage  system 
was  employed  to  simulate  a  possible  turbo-pump  bleed  reagent  supply. 
Provisions  for  filling,  pressurizing,  and  draining  the  system  were 
incorporated  to  facilitate  normal  missile  servicing  characteristics 
and  provide  fail  safe  operation  of  the  injection  system.  Since  a 
demonstration  of  system  flexibility  was  desired,  requirements  were 
established  to  assure  adequate  response  and  control  during  the 
planned  continuous  tests  as  well  as  the  variable  outflow  restart 
tests.  The  pressurization  system  criteria  was  based  on  pressure 
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switch  controlled  pulse  injector  in  the  fuel  tank  due  to  previous 
success  in  the  Phase  I  program  while  the  oxidizer  tank  common  ull¬ 
age  manifold  was  charged  to  include  an  isolation  valve  and  dif¬ 
ferential  pressure  switch  instead  of  the  check  valves  employed  in 
the  small  scale  system  design  to  prevent  reverse  flow.  Remote 
operation  of  the  system  was  required  by  a  control  console  to  dem¬ 
onstrate  sequencing  capability.  Actual  testing,  once  initiated, 
was  automatic. 

The  reagent  injection  system  must  be  capable  of  maintaining 
the  desired  pressure  during  conditions  of  maximum  propellant  out¬ 
flow  and  minimum  ullage.  Specific  design  recommendations  have 
been  made  in  Chapter  V.  B,  however,  a  response  of  approximately 
0,050  sec  is  generally  required.  Reagent  supply  pressure  will 
affect  the  injector  control  system  requirements  since  final  tank 
pressure  during  each  injection  cycle  will  be  a  function  of  reagent 
injection  velocity  and  the  quantity  of  reagent  unreacted  at  in¬ 
jector  shutoff.  Based  on  laboratory  experiments  the  maximum  in¬ 
jection  velocity  is  limited  to  approximately  a  200  psi  injector 
differential  pressure  for  obtaining  a  good  solid  stream.  The 
influence  of  unreacted  reagent  with  the  7 -ft  long  tankage  was  less 
than  0.2  psi  due  to  the  corresponding  large  ullage  volume, 

Safety  requirements  dictated  the  utilization  of  a  dual  pres¬ 
sure  relief  system  will  adequate  response  for  prevention  of  ex¬ 
ceeding  structural  limitations  at  the  expected  elevated  operating 
temperatures.  In  addition  all  functions  were  monitored  by  the 
control  console  to  permit  manual  override  of  any  system.  The  in¬ 
jection  system  was  provided  with  automatic  shutdown  and  reagent 
dump  capability  in  the  event  of  an  injector  failure  to  reduce  the 
possibility  of  an  over  temperature  condition.  The  response  of  all 
systems  was  based  on  satisfactory  performance  under  the  5%  minimum 
ullage  situation. 

Propellant  System  -  A  propellant  tank  minimum  required  volume 

of  1000  gal,  and  nominal  operating  pressure  of  36  psia  resulted 

in  the  acquisition  of  available  scrap  Titan  I,  Stage  II  fuel  tanks 

for  the  full  scale  system  demonstration  test  article.  Operating 

pressures  were  limited  to  40  psia  based  on  the  expected  operating 

temperatures  and  extent  of  modification  of  the  aluminum  tanks. 

Flowrate  requirements  were  determined  by  nominal  booster  system 

operation  during  (approximately  150  sec)  and  a  2:1  (0/F)  storable 

propellant  mixture  ratio.  Since  identical  tanks  were  used  for  the 

fuel  and  oxidizer  system  correct  propellant  loads  were  assured  by 

high  liquid  level  sensor  indication.  Resulting  nominal  flowrates 

were  78,3  lb  /sec  fuel  and  156,6  lb  /sec  of  oxidizer.  Injection 
m/  m/ 

i 
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termination  before  fuel  exhaustion  was  made  a  requirement  to  pre¬ 
vent  tank  damage  due  to  the  combustion  process.  The  low  level 
sensor  used  for  injection  termination  also  was  required  for  timer 
actuation  during  the  residual  propellant  expulsion  by  ullage  gas 
expansion  to  accomplish  system  shutdown.  To  verify  an  absence 
of  entrained  vapor  in  the  expelled  propellant  a  sight  glass  was 
required  at  the  tank  outlet. 

Propellant  tank  modifications  required  to  accommodate  the  MTI 
pressurization  system  were  provided  to  permit  sufficient  flexi¬ 
bility  in  the  design  of  various  pressurization  techniques.  Fore 
and  aft  propellant  tank  skirts  were  utilized  to  permit  component 
mounting  and  tank  support  attachments.  Complete  isolation  of  each 
system  required  a  side  by  side  tank  arrangement  with  a  separating 
blast  wall. 

System  Design  -  The  Phase  III  MTI  system  was  designed  uBing 
the  previously  created  Design  Criteria  as  a  guide,  The  basic 
philosophy  of  the  design  was  to  provide  a  maximum  of  data  at  a 
minimum  cost  consistent  with  safety.  Due  to  the  potentially  haz¬ 
ardous  nature  of  the  test,  safety  was  of  primary  importance.  A 
schematic  of  the  phase  III  system  is  shown  in  Fig.  Ill -21,  As 
noted  previously,  the  test  system  was  changed  from  common  ullage 
to  bi-injection  subsequent  to  writing  of  the  Design  Criteria, 

This  change  did  not  alter  the  system  overall  design  except  for 
eliminating  the  common  ullage  line,  Isolation  valve,  AP  switch 
and  one  of  the  two  oxidizer  tank  relief  valves.  The  oxidizer 
pressurization  system  became  identical  to  the  fuel  tank  pressur¬ 
ization  system  except  that  fuel  rather  than  oxidizer  was  used  for 
reagent,  System  operating  parameters  remain  the  same  except  that 
oxidizer  tank  pressures  became  equal  to  fuel  tank  pressure,  A 
schematic  of  the  bi-injection  system  as  tested  is  shown  in  Fig. 
III-22.  The  primary  design  effort  involved  the  modification  of 
the  main  propellant  tanks  and  the  definition  of  facility  require¬ 
ments  with  the  necessary  drawings  of  the  common  ullage  system 
vent  system,  and  reagent  supply  system  completed,  The  following 
paragraphs  describe  the  design  of  the  Phase  III  MTI  system  with 
the  exceptions  noted. 
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Pressurization  System  -  The  fuel  tank  pressurization  system 
includes  the  reagent  storage  and  injection  system  and  the  pres¬ 
sure  control  system.  Reagent  flowrate  through  the  injector  and 
storage  tank  capacity  were  based  on  scaling  Phase  I  test  data  as 
follows: 


Assuming  identical  reaction  mixture  ratio  of  0,62, 

!p3  T&ftl 

U  B  U  i  *»  '  »  ■  -  ■ 

*»  — yY„  1  m  ' 


r3 


rl  V  .  T 

Pi  gft3 


where 


W^3  ■  reagent  usage,  phase  III, 

W  .  ■  reagent  usage,  Phase  I,  0.26  lb  , 
n  m 

3 

Vp3  «•  volume  pressurized,  Phase  III,  445.8  ft  , 

3 

Vp^  ■  volume  pressurized,  Phase  I,  7,95  ft  , 

T  ,  -  temperature  of  fuel  tank  ullage  gas,  Phase  I, 

8tcl  approximately  260°F, 

T  ■  temperature  of  fuel  tank  ullage  gas,  Phase  III, 
8  3  approximately  450°F  estimated. 


W 


r3 


(0.26  IbJ 


445.8  ft3  260  +  460  °R 
7.95  ft3  450  +  460 


W.  -  11.6  lb. 
r  j  m 


For  design  purposes  this  was  increased  to  22  lb  to  allow 

n 

testing  flexibility  such  as  MTI  prepressurization,  repressurization 

after  a  period  of  coasting,  and  to  allow  for  reaction  uncertainties. 

The  maximum  injector  reagent  flowrate  calculated  was  0.0738  lb  / 

m/ 

sec  for  a  0.047-in.  dia  Injector  orifice.  Although  the  injector 
should  normally  be  oversized  to  assure  adequate  response  during 
transients  and  with  a  2-  to  3-cps  frequency  during  steady-state 
operation,  the  injector  was  originally  sized  for  continuous  oper¬ 
ation  to  avoid  tank  over-pressurization.  An  injector  differential 
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pressure  of  100  pslg  was  used  based  on  Phase  1  testing  and  in¬ 
jector  orifice  development.  Phase  I  tests  showed  that  injection 
of  reagent  as  a  spray  resulted  in  much  higher  ullage  gas  tempera¬ 
ture  than  a  solid  stream  injection.  Injector  orifice  development 
indicated  that  increasing  the  pressure  drop  above  200  psi  through 
the  injector  resulted  in  degradation  of  the  injection  stream.  As 
a  result,  100  psi  was  chosen  as  a  compromise  between  penetration 
and  anticipated  ullage  gas  temperature  because  of  degradation  of 
the  injector  stream.  However,  the  reagent  supply  system  was  de¬ 
signed  for  650  psig  maximum  in  case  testing  indicated  that  re¬ 
agent  injection  pressure  higher  than  125  psig  was  feasible. 

Pressurization  line  size  was  1/4  in,  while  reagent  supply  and 
fill  lines  were  1/2-in.  dia.  The  reagent  tank  volume  selected  was 
3 

O.S23  ft  as  a  tank  this  size  was  available  that  was  more  than 
adequate  to  hold  the  anticipated  maximum  reagent  consumption  of 
22  lb.  Pressure  relief  of  the  reagent  tank  was  provided  by  a 
1/2-in.  3-way  solenoid  valve  controlled  by  a  pressure  switch 
sensing  reagent  tank  pressure.  Figure  III-23  shows  the  assembled 
system. 

Early  in  the  Mil  program  a  search  was  made  for  a  commercially 
available  device  that  could  be  used  as  an  injector  to  preclude 
design  and  development  of  a  special  component.  The  injector  (Fig. 
III-24)  was  made  from  a  commercially  available  Spraying  Systems 
Company  #24AUA-898  spray  gun  for  use  in  the  Phase  I  test  program 
before  use  in  the  Phase  III  test  program.  It  was  capable  of 
withstanding  the  maximum  reagent  injection  pressure  and  required 
a  minimum  of  approximately  45  psig  pneumatic  pressure  to  operate. 
In  order  to  provide  maximum  response  the  injector  control  system 
was  designed  to  operate  at  150  psig.  Nitrogen-injector  control 
pressure  was  supplied  to  the  large  dome-shaped  operating  head 
shown  in  Fig,  III-25  that  causes  a  teflon  piston  to  retract 
against  a  spring,  also  contained  in  the  operating  head.  Reaction 
of  the  piston  pulls  a  l/8-in.  dia  operating  rod  from  a  valve  seat 
machined  into  the  orifice  mounted  on  the  opposite  end  of  the  in¬ 
jector,  The  orifice  is  held  onto  the  injector  by  a  retaining 
nut.  The  retaining  nut  is  also  screwed  into  a  mounting  port  on 
the  tank  dome  to  provide  a  mounting  point  for  the  injector  and 
assure  axial  injection.  Control  of  the  injector  is  discussed 
later  in  this  section.  The  Phase  III  Injector  Orifice  is  shown 
in  Fig.  III-26  and  performance  presented  in  Fig.  III-27, 
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Fig.  111-23  Phase  III  MTI  Reagent  Supply  System 
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Fig.  I 11-24  Phase  III  Reagent  Injection  and  Pressure 
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Pressurization  of  the  oxidizer  tank  was  to  be  originally  ac¬ 
complished  by  introduction  of  pressurizing  gas  from  the  top  of 
the  fuel  tank  into  the  lower  dome  of  the  oxidizer  tank,  (below 
the  liquid  surface)  through  a  common  ullage  line.  A  common  ullage 
line  was  designed  using  as  criteria  the  pressurization  gas  veloc¬ 
ity  used  in  the  most  successful  Phase  I  common  ullage  tests.  This 
velocity  was  66  ft/sec  and  the  resulting  common  ullage  line  size 
chosen  was  2-in.  dia.  The  2-in.  dia  line  results  in  a  slightly 
higher  velocity  and  pressure  loss  but  was  chosen  because  of  the 
availability  of  hardware  and  the  realization  of  an  optimum  pres¬ 
sure  drop  through  the  line.  The  higher  pressure  drop  makes  it 
easier  to  control  the  isolation  valve  as  discussed  later  in  this 
section.  To  isolate  the  two  propellant  tanks  and  prevent  reverse 
flow  through  the  common  ullage  line,  a  1^-in,  dia  Annin  valve  was 
selected  as  the  isolation  valve  to  be  Installed  at  the  lowest 
point  in  the  common  ullage  line  as  shown  in  Fig.  III-21,  This  was 
considered  to  be  the  best  location  in  view  of  the  possibility  of 
condensing  gunk  out  of  the  pressurizing  gas.  Control  of  the  iso¬ 
lation  valve  is  discussed  later  in  this  section. 

Originally  oxidizer  tank  pressurization  gas  was  to  be  injected 
into  the  tank  through  a  2-in,  port  on  the  lower  dome  with  a  dif¬ 
fuser  inside  the  tank  below  the  liquid  surface  (Fig.  111-28).  A 
subsurface  gas  injector  was  designed  from  information  gained  in 
Phase  I  testing,  which  was  carried  on  concurrently  with  Phase  Ill 
design.  The  basic  technique  for  successful  operation  was  to  put 
pressurizing  gas  into  the  oxidizer  tank  below  the  top  of  the  baf¬ 
fles  such  that  any  gunk  in  the  gas  reacting  with  the  oxidizer 
would  be  completely  consumed  before  reaching  the  liquid  surface. 
This  design  routed  pressurizing  gas  in  a  2-in.  dia  tube  concen¬ 
trically  up  through  the  inside  of  the  4-in.  dia  outflow  line  ter¬ 
minating  in  a  gas  diffuser  mounted  in  the  center  of  the  "X"  formed 
by  the  baffles.  The  sas  diffuser  design  had  a  solid  top  so  that 
pressurizing  gas  was  forced  out  horizontally  along  radial  lines 
from  the  tank  center  before  rising  to  the  surface.  The  subsurface 
gas  diffuser  is  shown  in  Fig.  111-29,  The  subsurface  gas  diffuser 
although  not  used  was  left  as  a  splash  plate  for  the  direct  fuel 
injection  tests . 
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Fundamental  control  of  f  essure  within  the  system  was  achieved 
hy  pressure  switches.  The  -.ropellant  tank  pressure  control  sys¬ 
tem  is  shown  schematically  in  Fig.  III-22.  As  stated  previously 
36  psia  was  chosen  as  nominal  fuel  tank-top  pressure,  to  be  con¬ 
trolled  ±1  psi  by  a  pressure  switch  controlling  the  injector 
through  a  1/4-in.  pneumatic  3-way  control  valve.  The  system  was 
designed  so  that  when  the  fuel  tank  pressure  is  below  36  psia 
the  pressure  switch  is  closed,  energizing  the  injector  control 
valve  to  the  open  position  causing  pneumatic  pressure  to  be  ap¬ 
plied  to  the  injector  operating  head,  opening  the  injector.  When 
fuel  tank  pressure  is  greater  than  36  psia,  the  switch  is  open 
and  the  injector  control  valve  vents  the  injector  operating  head 
causing  the  injector  tw  be  closed.  The  injector  was  required  to 
be  normally  closed  and  the  injector  control  valve  required  to  be 
normally  closed  (vented)  for  safety  in  case  of  either  pneumatic 
or  electrical  failure,  A  1/2-in.  shutoff  valve,  normally  closed, 
located  between  the  reagent  tank  and  injector,  was  included  for 
isolation  of  the  injector  in  case  of  injector  malfunction.  In 
order  to  bleed  air  out  of  the  injector  before  testing  and  dump 
pressure  from  the  injector  should  a  malfunction  occur,  a  1/4-in. 
bleed  and  dump  valve  was  added  to  the  injector.  This  valve  was 
required  to  be  normally  open  so  reagent  pressure  in  the  injector 
would  be  released  in  case  of  electrical  failure.  Both  bleed  and 
dump  valve  and  shutoff  valve  were  to  be  manually  controlled,  re¬ 
motely  operated  from  the  test  console.  The  reagent  supply  system 
is  shown  in  Fig.  III-23. 

With  the  injection  control  system  described,  initiation  of 
injection  was  automatic  following  opening  of  the  reagent  shutoff 
valve,  electrically  arming  the  pressure  switch  and  control  valve, 
and  starting  propellant  outflow.  Termination  of  injection  was 
to  be  accomplishes  by  a  fuel  tank  low  level  sensor.  At  fuel  low 
level  a  signal  from  the  low  level  sensor  interrupted  electrical 
power  to  the  injector  control  valve  causing  the  injector  to  close. 
The  low  level  sensor  was  also  connected  to  a  timer  to  allow  out¬ 
flow  to  continue  beyond  termination  of  injection.  This  is  de¬ 
scribed  in  the  propellant  feed  system  section. 

The  oxidizer  tank  pressure  control  system  design  was  based 
on  a  differential  pressure  switch  controlling  the  normally  closed 
isolation  valve  in  the  common  ullage  line.  The  differential  pres¬ 
sure  switch  high  pressure  port  was  connected  to  sense  fuel  tank- 
top  pressure  while  the  low  pressure  port  was  connected  to  sense 
oxidizer  tank  lower  dome  pressure.  Switching  points  of  the  dif¬ 
ferential  pressure  switch  were  chosen  as  0.7  ps id  on  decreasing 
pressure  based  on  calculated  common  ullage  line  pressure  drop. 
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The  common  ullage  line  was  sized  for  a  pressure  drop  of  approxi¬ 
mately  0.4  psid  during  normal  propellant  outflow  rates.  Initially, 
pressure  in  the  oxidizer  tank  will  drop  until  the  AP  across  the 
common  ullage  line  and  AP  switch  is  greater  than  0,7  psi  set  point. 
The  normally  open  AP  switch  then  closes,  energizing  a  solenoid 
valve  that  opens  to  supply  pneumatic  pressure  to  the  isolation 
valve,  which  opens  to  allow  pressurizing  gas  to  flow  into  the 
oxidizer  tank.  As  a  result  of  the  isolation  valve  opening  the 
differential  pressure  sensed  by  the  AP  switch  drops  to  approxi¬ 
mately  0.4  psi  (the  AP  of  the  common  ullage  line)  that  is  between 
the  switching  points  of  the  AP  switch.  Thus,  at  normal  flowrates 
the  isolation  valve  remains  open.  When  oxidizer  outflow  is  at  a 
lower  rate,  or  zero,  the  isolation  valve  will  be  caused  to  cycle 
slowly,  admitting  pressurizing  gas  to  the  oxidizer  tank  whenever 
pressure  drop  across  the  common  ullage  line  (from  fuel  tank-top 
dome  to  oxidizer  tank  lower  dome)  is  greater  than  0,7  psi.  When¬ 
ever  AP  is  less  than  0.2  the  system  was  designed  to  close  the  Iso¬ 
lation  valve  to  prevent  reverse  flow  into  the  fuel  tank,  Tank-top 
and  lower  dome  pressures  resulting  from  this  control  system  are 
shown  in  Fig.  Ill -8.  Fuel  tank-top  pressure  remains  constant  il 
psi  because  of  the  injector  control  system.  Fuel  tank  lower  domu 
pressure  decreases  with  outflow  because  of  loss  of  fuel  huad  at 
a  rate  of  0,0328  psi/ in,  as  fuel  outflows  from  the  tank  until  It 
equals  tank-top  pressure  at  fuel  exhaustion.  Oxidizer  lower  dome 
pressure  remains  constant  within  0.7  psi  lower  than  fuel  tank-top 
pressure  because  of  the  isolation  valve  control.  Oxldisor  tank- 
top  pressure  is  less  than  lower  dome  pressure  by  the  amount  of 
oxidizer  head  in  the  tank.  As  oxidizer  outflow  commences  tank- 
top  pressure  increases  at  a  rate  of  0.0526  psi/in,  until  it  equals 
lower  dome  pressure  at  oxidizer  depletion,  The  pressura  decay 
during  the  final  eight  seconds  is  due  to  a  polytropic  pressure 
decay  following  injection  termination  and  residual  propellant  ex¬ 
pulsion. 

Over-pressure  protection  of  both  fuol  and  oxldisor  tanks  was 
assured  by  multiple  protection  methods  designed  into  the  system. 
The  primary  protection  in  each  tank  consisted  of  shutting  off  ths 
pressurization  source,  i.e.,  the  injsctor  in  the  fuel  tank  end 
the  isolation  valve  leading  to  the  oxldisor  tank.  In  cast  of  a 
serious  overpressure,  duel  relief  valves  controlled  by  proosuro 
switches  were  incorporated  on  each  of  the  two  tanks  to  inersoso 
overall  system  reliability.  Two  pressuro  relief  valves  wars  re¬ 
quired  on  the  oxidizer  tank  because  of  the  possibility  of  second¬ 
ary  reaction  occurring  following  closing  of  the  isolation  vslvt. 
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Design  of  the  pressure  relief  system  on  each  tank  was  based  on 
Phase  I  maximum  pressure  rise  rate,  structural  capability  of 
available  tankage  and  allowable  maximum  tank  wall  temperatures 
during  testing.  Proof  pressure  of  tankage  selected  for  Phase  III 
use  was  40  psig  at  room  temperature.  Relief  valve  response  re¬ 
quirements  were  calculated  for  a  combination  of  worst  conditions 
in  order  to  determine  how  far  below  tank  proof  pressure  to  set 
relief  pressure.  The  relief  pressure  established  was  38.5  +0,5 
psia  based  on  response  characteristics  of  available  relief  valves 
and  pressure  switches.  Response  data  indicated  a  system  with  an 
opening  response  time  of  80  msec  was  required.  Based  on  this  re¬ 
lief  pressure,  a  maximum  allowable  Lank  wall  temperature  was  de¬ 
termined  from  the  strength  vs  temperature  data  specified  in  MIL 
HDBK-5  (March  1961)  for  1/2 -hr  temperature  exposure  of  2014-T6 
aluminum . 


Temperature  (°F) 


Yield  Strength  (%) 


Maximum  allowable  tank  wall  temperature  was  established  by  apply¬ 
ing  a  safety  factor  of  1.15  times  relief  pressure,  or  (39.0  -  11.8 
psig)  (1.15)  =  3i  .0  psig; 


Allowable  Strength  Reduction  =  ;■■■' — r®  =  0.77 

40  psig 


Therefore,  from  table,  max  allowable  wall  temper 
Relief  valve  and  line  sizes  were  specified  as  3-in. 
tanks  based  on  anticipated  gas  composition  and  quant 
vented.  With  the  maximum  gas  generation  rates  (in  c 
function)  and  available  pressure  drop  between  tank  u 
atmospheric  pressure,  the  surplus  Calmec  vent  and  re 
PD47S0128,  ware  found  to  fit  the  design  requirements 
the  relief  function,  altered  for  pneumatic  actuation 
trolled  automatically  by  pressure  switches  set  at  38 
Venting  for  fill  and  drain  operations  was  controlled 
reran Le  control  from  the  test  console.  Figure  111-24 
pressure  relief  system  as  installed. 
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In  addition  to  the  controls  described  for  the  isolation  valve 
and  relief  valves,  the  circuit  logic  was  also  designed  to  close 
the  isolation  valve  whenever  a  fuel  tank  over-pressure  occurred. 
This  consisted  of  connecting  the  fuel  tank  overpressure  switch  lead 
to  the  isolation  valve  circuit  so  that  anytime  the  fuel  tank  re¬ 
lief  valve  was  signaled  to  open,  the  isolation  valve  would  be 
closed. 

Propellant  Feed  System  -  The  propellant  feed  system  consists 
of  the  main  propellant  tanks  with  provisions  for  filling  from  a 
pressurized  storage  tank,  control  of  the  propellant  outflow  at 
desired  flowrates  and  termination  of  outflow.  Capability  was 
included  for  recycling  of  propellant  after  each  run  so  that  more 
than  one  test  run  could  be  made  on  each  load  of  propellants. 

Loading  of  each  propellant  tank  was  accomplished  by  including  a 
2-in,  dla  return  line,  flowmeter  and  shutoff  valve  running  from 
each  catch  tank  bottom  into  a  "T"  in  each  propellant  outflow  line 
juat  below  the  bellows,  approximately  23-in.  below  the  propellant 
tank  lower  dome.  Transfer  of  propellants  from  catch  tank  to  main 
propellant  tank  was  done  by  pressurizing  the  storage  tank  to  45 
paia.  A  flowmeter,  indicating  both  rate  and  total,  was  called 
for  In  the  fill  line  for  an  accurate  determination  of  propellant 
(  loads,  A  schematic  of  the  propellant  feed  system  la  shown  in 

Fig,  111-21  and  one  of  the  catch  tanks  shown  in  Fig.  1X1 -30. 

Shutdown  of  the  injection  system  before  complete  propellant 
exhaustion  was  required  to  prevent  damage  because  of  reagent  im¬ 
pingement  on  the  tank  bottom.  Residual  propellant  expulsion  was 
than  accomplished  by  employing  a  shutdown  timer  in  the  system. 

A  low  level  sensor,  installed  in  the  fuel  tank  of  the  common  ull- 
sgti  system,  when  triggered  by  fuel  low  level,  shutoff  injection 
by  Interrupting  electrical  power  to  the  Injector  control  valve, 

A  timer  was  ilmultansoualy  activated  by  the  fuel  low  level  sensor 
signal  to  closs  both  fusl  and  oxldlser  outflow  control  valves  after 
a  specified  interval,  Tank-top  pressure  is  allowed  to  decay  poly- 
tropicaily  during  the  final  few  seconds  of  outflow  following  ter¬ 
mination  of  injection.  The  length  of  time  allowed  for  poly tropic 
expenalon  la  dependent  on  the  established  fuel  tank  low  level  sen¬ 
sor  location,  anticipated  oxidiser  outage  at  shutdown,  allowable 
praaaura  decay,  and  anticipated  ullage  temperature  decay  rate  fol¬ 
lowing  termination  of  injection.  Low  level  sensor  location,  iden¬ 
tified  previously,  was  chosen  so  thst  17.6  ft3  of  propellant 
remain  at  Injection  termination  in  the  fuel  tank,  however,  an 
...dlaer  depletion  prevents  complete  expulsion.  Bus*..: 
maximum  tank  preaaure  decay  during  this  time,  a  time  delay  of  8 
aac  was  choaan,  for  the  conmon  ullaga  ayatem  to  minimise  propel- 
,  lant  outage.  Outflow  wae  started  and  stopped  by  a  Rockwood  ball 
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valve  simulating  typical  engine  start  and  shutdown  transients 
while  flowrate  was  modulated  by  a  Fisher  butterfly  valve  con¬ 
trolled  manually  from  the  test  console.  The  existing  baffles 
used  to  control  vortexing  and  the  nondrop-out  tank  outlets  were 
designed  for  flowrates  15%  higher  than  Phase  III  design  flowrates, 
providing  ample  margin  for  the  MTI  test  conditions  imposed,  Flow 
capability  of  the  more  critical  oxidizer  system  is  shown  in  Fig, 
m-3i. 

Structure  -  Structure  for  the  Phase  III  test  system  consisted 
of  the  main  propellant  tanks,  propeiiant  tank  supports,  outflow 
and  service  lines,  catch  tanks,  and  a  blast  shield,  The  aluminum 
propellant  tanks  were  of  semi-monoque  construction  not  designed 
specifically  for  the  Phase  III  test  program  but  were  obtained  as 
salvage  items  from  the  Titan  I  program  and  modified.  Total  vol- 

3 

ume  of  each  tank  was  278.4  ft  ,  capable  of  a  1980  gal  propellant 
load,  Level  sensor  locations  were  calculated  for  each  of  the  two 
tanks  so  that  a  150-sec  test  run  could  be  made  with  an  initial 
ullage  of  5%  in  the  fuel  tank  and  22%  in  the  oxidizer  tank  out¬ 
flowing  at  78.3  and  156,6  lb^/sec  of  fuel  and  oxidizer,  respec¬ 
tively.  Level  sensor  ports  at  both  the  5  and  22%  ullage  levels 
were  provided  in  each  tank  to  allow  tests  to  be  run  to  determine 
control  system  response  with  a  minimum  ullage  in  both  tanks.  The 
tank  capacities,  when  loaded  for  a  bipropellant  expulsion  at  a 
2  to  1  oxidizer  to  fuel  mass  ratio,  result  in  a  5%  oxidizer  ullage 

3  3 

and  22%  fuel  ullage,  equivalent  to  264,6  ft  and  216,6  ft  ,  re¬ 
spectively.  Propellant  tank  operating  and  relief  pressures  were 
discussed  previously,  Access  ports  large  enough  for  a  man  to 
enter  were  provided  in  each  tank  dome. 

Propellant  tank  supports  were  designed  for  each  of  the  tanks 
to  be  used  in  conjunction  with  support  skirts  and  handling  rings 
that  were  part  of  the  tank  structure.  The  tank  supports  were 
designed  to  support  25,250  lb£  and  to  resist  wind  loads  to  90  mph. 

A  blast  shield-catch  basin  structure  was  designed  to  physically 
isolate  the  tanks  and  propellants  in  case  of  tsnk  rupture.  The 
tank  supports,  blast  shield  and  catch  basin  are  shown  in  Fig. 

Ill -32  and  III-33.  The  blast  shield  was  designed  using  steel 
plate  and  angle  iron  to  be  filled  with  sand  after  being  erected. 
The  catch  basin  wsb  designed  to  be  partially  filled  with  water 
and  extends  only  under  the  fuel  tank.  In  case  of  both  tanks 
rupturing,  fuel  would  be  retained  in  the  steel  catch  basin  and 
oxidizer  would  fall  through  the  grating  shown  at  the  left  of 
Fig.  III-32  into  a  concrete  pit  flushed  with  water. 
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Fig.  111-30  Phase  III  MTI  Fuel  Catch  Tank 


As  Drawn  CFL  6100184 


Legend: 

1 

2  Concentric  C.  U,  Line  , 

Restricted  Outlet  to  7.4  in/ 

3  Concentric  C.  U.  Line  . 

Restriction  in  12,5  in. 
Section 


Fig,  111-31  Calculated  Pressure  Drop  MTI  Phase  III  Oxidizer  f  'j 

System 
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Fig.  III-32  Phase  XII  MTI  Test  Article 
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C .  PROTOTYPE  FABRICATION 


The  MTI  pressurization  system  prototype  used  for  Phase  III 

3 

testing  consisted  of  two  278,4  ft  flight  weight  aluminum  tanks 
mounted  in  a  side  by  side  arrangement  with  overpressure  protection. 
Pressurization  was  accomplished  either  by  direct  reagent  injection 

3 

from  a  pressurized  0.523-ft  supply  or  subsurface  gas  impingement 
for  cxidizer  tank  pressurization  in  a  common  ullage  arrangement. 

The  i rimary  fabrication  effort  was  concerned  with  propellant  tank 
modifications  and  system  assembly  and  installation  at  the  test 
site.  '  Approximately  75%  of  the  complete  system  fabrication  was 
performed  in  the  Martin  manufacturing  facilities  with  the  remaining 
portion  consisting  of  procured  components  and  local  machining  done 
on  the  tank  supports.  The  test  article  wsb  assembled  at  the  Cold 
Plow  Laboratory  Titan  II  System  Test  Area  test  stand.  Figure 
III-32  shows  the  prototype  test  assembly,  the  blast  shield,  and  a 
small  portion  of  the  test  stand  in  the  background. 

Fabrication  was  started  before  the  completion  of  Phase  I  test¬ 
ing  in  order  to  cut  down  time  between  Phase  I  and  Phase  III  test¬ 
ing.  Basic  hardware  was  fabricated  with  sufficient  capability  to 
incorporate  any  changes  resulting  from  Phase  I  program  recommenda¬ 
tions.  In  order  to  facilitate  possible  late  modifications,  the 
availability  of  existing  tooling  checkout  equipment  permitted  the 
manufacturing  to  be  done  on  the  regular  production  line  making 
this  operation  less  expensive.  This  enabled  easy  system  modifica¬ 
tion  when  the  change  from  a  common  ullage  system  to  bi-injectlon 
was  made.  The  common  ullage  ports  were  simply  capped  and  a  second 
injector,  fabricated  for  Phase  I  oxidizer  tank  use,  was  mounted  in 
the  oxidizer  tank  dome  in  an  existing  port. 

Items  having  a  predominant  effect  on  system  thermodynamic  char¬ 
acteristics  were  flight-weight  while  the  remainder  of  the  system 
was  relatively  huavy  off-the-shelf  type.  The  propellant  tanks, 
baffles,  vent  and  relief  valves,  and  pressure  switches  were  flight- 
weight.  Emphasis  was  placed  on  obtaining  surplus  components  and 
materials  in  order  to  keep  cost  to  a  minimum.  A  list  of  compo¬ 
nents  used  in  construction  of  the  Phase  III  MTI  prototype  is  given 
in  Table  III -6. 


( 
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Table  111-6  Phasj  III  MTI  PrpBBur irat Ion  System  Components 


ITEM 

No.  Req 

Made  By 

Site  Capacity 

Renarks 

Inlection  Subsystem 

Injector 

1 

Spraying  Systems 

Co.  *24  MIA-8980 

0.047-in.  in¬ 
jector  orifice 
diameter 

Modified 

Injector  Control 

Valve 

l 

Harotta  •  SV124 

1/4 -in.  Port 

Marotta  *202873 

113k  in.  used  on 
Phase  1 

Regulator 

> 

l/4-in.  Port 

150  pBlg 

Bleed  and  Dump 

Valve 

' 

Marotta  MV  100  HD 

1/4-in,  Line 

New  (2 -way) 

Shutoff  Valve 

1 

Harotta  HV  583K 

1/2-in.  Line 

New  (2-way) 

Fill  Valve 

1 

Hand  Valve 

1/2-ln.  Line 

Ron  gent  Tank 

1 

Hnriin  #327B- 
7050015-029 

U.  523  ft3 
t  -0.079- 
0.080- in. 
l.R-5.99  In. 

TLtnn  I,  Stage 

11.  Accumulator 

Vent  and  Relief 

Valve 

1 

Hnroitn  SV  153 

1/2-ln.  Port 

( t -vn  y  ) 

Relief  Valve  Pres¬ 
sure  Switch 

1 

Hydroelectric 

38.5  pslA 

Titan  11  Modified 
(Surplus) 

Propellant  Sub- 
System 

Fuel  Tank 

1 

Fabricated-Martin 

WB  600  3230-059 

278.4  flJ 

Scrap  Titan  I. 

Stage  11 
Tanka-Repaired 

Oxidises  Tank 

l 

Fabricated -Martin 
LAB  6003250-069 

278.4  ft3 

Scrap  Titan  I. 

Stage  II 
Tanka-Repaired 

High  Level  8cnoor 

2 

Povertron  #PD 

83S01 15-069 

Used  on  Phaae  I 

Low  Level  8onsor 

2 

Powertron  #PD 
83S0115-C69 

Used  on  Phase  1 

Level  Bensor 
Controller 

2 

Powertron  #PD 
8380115-059 

Used  on  Phase  I 

8lght  Class 

2 

Fabricated 

4  in.  ID 

Glass  Tube  and 
Gaskets 
corning  class 

Works  •  Flanges 
Fabricated 

Common  Ullage 
Subsystem* 

Coonon  Ullage  Line 

1 

Cold  Flow 

Laboratory 

2-in.  dla 

Isolation  Valve 

1 

Annin  #CV  36 

1%-ln.  dla 

CV258 

AF  Bwltch 

Subsystem 

Spledel  Electric 

1/2  psi 

New-Spledel 

#143-0 

LAB  6003252 

Injector  Pressure 
Switch 

1 

Hydro-Electric 

PD  71S0067  3/4  001 

36.0  to. 5  pala 

Used  on  Phase  1 

Relief  Valve  Pres¬ 
sure  Switch 

3 

Hydro-Electric 

38.5  *0.5  psla 

Vent  and  Relief 
Valve.  Fuel 

l 

Celraec 

PD4780128 

3-in.  Port 

Titan  1 

Modified 

Vent  and  Relief 
Valve.  Ox Id  leer 

2 

Calmec 

PD4780128 

3-in.  Port 

Titan  I 

Modified 

Prepresaurlsation 
8hutof£  Valves 

2 

Marotta  MV  583K 

l/2-ln.  Port 

Mew  (3-way) 

Check  Valve 

2 

Republic 

1/2-ln.  Port 

*The  conn  on  ullage  subsystem  was  designed  but  not  used  during  Phase  HI  teeting. 
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Propellant  Tanks  -  The  Phase  III  Mil  fuel  tank  came  origi¬ 
nally  from  the  Titan  I,  B9  missile.  The  first  stage  of  this 
missile  had  been  damaged  in  a  liquid  oxygen  loading  accident  and 
the  second  stage  tanks  released  for  structural  testing.  The 
second  stage  fuel  tank  upper  dome  was  burst  during  structural 
testing  and  the  tank  was  released  as  salvage.  This  tank  and 
another  with  a  dented  lover  dome  were  acquired  from  salvage  for 
MTI  use.  The  B9  missile  tank  was  repaired  but  found  to  be  struc¬ 
turally  inadequate  for  MTI  use  requiring  the  top  dome  from  the 
other  salvage  tank  removed  and  welded  to  the  B9  tank.  The  BQ 
tank  was  found  to  be  satisfactory  following  minor  patching,  re¬ 
placement  of  huck  bolts,  cleaning,  and  hydrostatic  testing  to 
40  psig.  This  tank  and  the  replacement  upper  dome  were  not  chem- 
milled.  The  dome  wall  thickness  was  0,080  in.,  and  the  barrel 
thickness  was  0.125  in. 

The  Phase  III  MTI  oxidizer  tank  was  fabricated  originally 
for  a  flight-weight  ground  test  Lot  G  series  prototype  misBile 
(GX) .  Following  handling,  erection,  and  other  tests  the  second 
stage  fuel  tank  was  released  for  acoustic  tests,  These  tests 
were  to  determine  the  effect  of  engine  induced  acoustic  stress 
because  of  in-silo  starting  of  first  stage  missile  engines, 

(  This  tank  was  subsequently  obtained,  through  salvage,  for  MTI 

testing.  It  required  extensive  cleaning  to  remove  contamination 
and  a  coating  of  paint  inside  the  tank.  Following  minor  patching, 
replacement  of  huck  bolts,  and  hydrostatic  testing  to  40  psig  the 
tank  was  found  satisfactory  for  use  as  the  Phase  III  oxidizer 
tank.  This  tank  was  chem-milled  with  the  following  nominal  thick¬ 
nesses: 


Chem-mllled  Areas  Land  Areas 
Dome  0.049  in.  0.080  in. 

Barrel  0.067  in.  0.125  in. 

Each  of  the  two  propellant  tanks  were  originally  fabricated 
from  two  45-deg  elliptical  domes,  95-in,  dia,  welded  to  a  23-in, 
long  barrel  section,  Construction  was  welded  skin-stringer  type 
with  a  floating  ring  for  stabilization.  Material  was  2014-T6 
aluminum.  Dimensional  characteristics  of  the  identical  propel¬ 
lant  tanks  are  shown  in  Fig,  III -34. 


( 
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Ports  in  the  upper  dome  of  each  of  the  propellant  tanks  were 
provided  as  follows: 

Vent  and  Relief  Port  -  3-in.  dia  Merman  flange 
Common  Ullage  Line  -  3 -in.  dia  Marman  flange 
Injector  Port  -  12  tube  size  AN  fitting 
Prepressurization  Port  -  8  tube  size  AN  fitting 
Level  Sensors 

2%  Ullage  -  1.5-in.  conoBeal  flanges 
227.  Ullage  -  1.5-in.  conoseal  flanges 
Pressure  Switches 

Injector  Switch  -  -4  tube  size  AN  fitting 

Vent  and  Relief  Switch  -  4  tube  size  AN  fitting 

Instrumentation  Ports 

Tank  Pressure  -  4  tube  size  AN  fitting 

Tank  Temperature  -  thermocouple  fitting 

The  lower  dome  of  the  tanks  used  standard  4-in.  ASA  150  lb  raised- 
face  flanges  for  propellant  outlets  and  1.5-in.  conoseal  flanges 
for  mounting  of  low  level  sensors.  The  oxidizer  outlet  was  con¬ 
toured  for  drop  out  and  cavitation  elimination  while  the  fuel  tank 
outlet  was  not.  In  addition,  each  tank  had  support  skirts  fusion 
welded  to  the  tank  structure  to  provide  a  mounting  surface  for 
handling  rings  that  were  used  for  both  handling  and  mounting  of 
the  propellant  tanks.  Baffles  were  provided  in  each  of  the  tanks 
to  prevent  vortexing.  Figure  III-29  shows  the  baffle  used  in  the. 
oxidizer  tank. 

In  lection  System  -  The  injectors  were  made  from  commercially 
available  024  AUA-8980  chemical  spray  guns  manufactured  by  Spray¬ 
ing  Systems  Company,  A  picture  of  an  injector  as  used  in  Phase 
III  testing  is  shown  in  Fig.  III-25.  Modification  Involved  putting 
on  extension  tubes  and  operating  rods  to  move  the  spraying  tips 
further  away  from  the  operating  heads  and  provision  of  a  reagent 
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supply  tube  welded  on  near  the  spray  tip.  The  pneumatic  operating 
heads  containing  a  teflon  piston  and  spring  were  not  modified. 

The  orifice  retaining  nuts  on  the  spraying  tips  were  modified  by 
welding  the  retaining  nut  to  a  -12  male  AN  fitting  to  enable  the 
injector  to  be  mounted  in  the  tank  by  screwing  it  into  a  -12  fe¬ 
male  AN  fitting. 

Control  of  the  injectors  was  provided  by  a  pressure  switch 
mounted  on  each  tank  skirt  controlling  an  injector  control  valve, 
a  i-in.  solenoid  valve.  Tne  fuel  tank  injector  pressure  switch 
is  shown  at  the  top  of  Fig.  Ill -33  (small  cylindrical  object). 

Reagent  Supply  System  -  The  reagent  supply  system  for  each 
of  the  two  injectors  was  the  same  except  for  the  reagent  used  in 
each.  Supply  to  the  Injector  was  through  tubing  and  a  ^-in. 

reagent  shutoff  valve,  Filling  of  the  reagent  tank  was  accom¬ 
plished  through  a  %-in.  tube  and  hand  valve  "T'd"  into  the  reagent 
supply  line.  The  reagent  tanks  were  0,523-cu  ft  spheres  with 
0.080-in.  walla.  Three  tabs  welded  to  the  tanks  around  a  diameter 
were  provided  so  the  tanks  could  be  suspended  from  a  load  cell  by 
wire  rope,  A  picture  of  the  reagent  tank,  load  cell,  support 
frame,  and  associated  plumbing  used  in  the  fuel  tank  test  is  shown 
in  Fig.  III-23,  Vent  and  relief  functions  were  provided  by  a  pres¬ 
sure  switch  and  solenoid  valve.  Pressurization  of  each  reagent 
tank  was  through  a  regulator  and  tubing  "T'd"  into  the  vent  and  re¬ 
lief  line. 

Common  Ullage  System  -  Before  completion  of  Phase  I  testing, 
e  3-in.  dia  aluminum  common  ullage  line  joining  the  forward  tank 
domes  was  fabricated  and  planned  for  usage  with  a  3-in.  dia  Calmec 
isolation  valve  on  the  Phase  III  system.  Development  of  the  com¬ 
mon  ullage  concept  during  Phase  I  testing  revealed  that  a  smaller 
diameter  line  was  required  in  order  to  maintain  a  higher  common 
ullage  gas  velocity  and  also  to  introduce  the  gas  below  the  oxi¬ 
dizer  tank  liquid  surface.  Consequently,  a  2-in.  dia  stainless 
steel  common  ullage  line  was  fabricated  to  be  used  with  a  1%-in. 
dia  Annin  isolation  valve.  In  order  to  introduce  gas  below  the 
oxidizer  tank  liquid  surface  a  subsurface  gas  injector  was  fabri¬ 
cated  as  shown  in  Fig,  III-29.  The  subsurface  gas  injector  was 
an  elbow  welded  into  a  spool  in  the  propellant  outlet  line  so 
that  the  common  ullage  line  ran  concentrically  up  the  propellant 
outflow  line  and  ended  in  a  gas  diffuser  mounted  in  the  center 
of  the  baffle.  Figure  III -28  shows  how  the  spool  piece  containing 
the  subsurface  gas  injector  fits  between  the  two  flanges  provided 
initially  for  the  sight-glass.  The  upper  diffuser  support  disc 
also  provides  an  injector  splash  plate  for  use  with  the  direct 
reagent  injection  system.  When  the  test  system  was  changed  to 
dual  reagent  injection  the  common  ullage  line  was  set  aside  for 
possible  future  use  and  the  common  ullage  ports  on  each  tank  were 
capped. 
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Pressure  Relief  System  -  A  separate  vent  system  was  used  for 
each  tank,  fabricated  from  3-in.  dia  aluminum  tubing  as  shown  in 
Fig.  111-24.  The  pressure  relief  system  for  each  tank  was  con¬ 
nected  to  a  3-in.  dia  Marman  flange  on  the  propellant  tank,  ran 
vertically  about  12 -in.  to  an  elbow,  and  attached  to  a  3 -in.  dia 
Calmec  vent  and  relief  valve  through  14-in.  of  bellows.  The  fa¬ 
cility  plumbing  consisted  of  a  horizontal  section  of  pipe  8  ft 
long  connecting  the  existing  lines  on  the  second  floor  ot  Cell  6 
and  up  to  the  Cell  7  vent  and  relief  package  and  vent  stack  on 
the  third  floor.  When  the  test  system  was  changed  to  a  bi- 
injection  system,  the  relief  valve  requirement  was  changed  to 
one  per  tank. 

Relief  valve  pressure  switches  were  obtained  from  surplus, 
modified  to  act  as  gage  pressure  switches  and  adjusted  to  the 
actuation  pressures  required.  The  pressure  switches,  mounted 
on  the  skirt  of  each  tank  as  shown  on  the  fuel  tank  in  Fig.  III- 
24  (lower  left  on  skirt),  sensing  tank  preBBure  through  a  %-in. 
tube,  controlled  the  pneumatically  operated  vent  and  relief  valve 
through  a  relay  and  pilot  solanoid  valve  integral  with  the  vent 
and  relief  valve.  Surplus  Calmec  liquid  oxygen  vent  and  relief 
(  valves  (FD47S00128)  were  obtained  from  surplus  and  modified  for 

storable  propellant  usage.  Brass  main  shaft  bushings  were  re¬ 
placed  with  aluminum  bushings  and  the  automatic  vent  feature  of 
the  valve  was  blocked  off. 
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IV.  PHASE  III  PROGRAM 


The  Phase  III  program  encompasses  the  development  testing  of 
a  full  scale,  flight  weight,  low  pressure  Mil  Pressurization 
System,  the  design  and  fabrication  of  which  was  accomplished  in 
Phase  II.  The  overall  objectives  of  the  Phase  III  program  are  to 
demonstrate  the  feasibility  of  the  MTI  system  in  flight-weight 
tanks;  to  accumulate  data  to  3how  reliability,  repeatability, 
and  performance;  and  to  provide  design  data  for  future  system 
development.  The  following  paragraphs  describe  the  system  con¬ 
figuration  and  the  development  and  demonstration  tests  conducted. 


A.  SYSTEM  CONFIGURATION 


The  test  system  was  assembled  at  the  Cold  Flow  Laboratory 
Titan  II  Systems  Test  area  on  the  east  side  of  the  systems  test 
stand.  The  two  propellant  tanks  were  mounted  side  by  side  with 
a  sand-filled  blast  shield  between  them,  The  propellant  tank 
(  support  frames  were  mounted  on  the  blast  shield  support  struc¬ 

ture,  which  also  contained  a  fuel  catch  basin  and  oxidizer  spill 
trough.  The  whole  test  assembly  was  mounted  on  steel  gratings 
over  a  concrete  propellant  catch  pit,  Outflow  lines  from  the 
propellant  tanks  ran  in  opposite  directions  to  stainless  steel 
catch  tanks  mounted  approximately  15  ft  below  the  propellant 
tanks.  Figure  III-21  shows  the  general  arrangement  of  the  test 
system, 

1.  Teat  Article 

The  pressurization  system  tested  was  the  dual-reagent  injec¬ 
tion  system  described  In  Chapter  III.B.2,  Because  of  the  haz¬ 
ardous  nature  of  the  full-scale  system  test  program,  each  of  the 
2000-gal,  propellant  tanks  were  tested  separately.  Capability 
was  provided  for  helium  Initial  pressurization  of  the  5%  ullage 
volume.  Both  fuel  and  oxidizer  systems  were  essentially  iden¬ 
tical,  each  having  a  similar  pressure  relief,  injection,  and 
control  system  configuration.  Propellant  expulsion  rates  were 
controlled  remotely  during  the  nominal  150-sec  test,  with  pres¬ 
surization  maintained  at  36  psla  by  a  solid-stream  surface, 
reagent -injection  system,  A  complete  propellant  expulsion  was 
accomplished  by  discharging  the  residual  propellant  by  a  poly¬ 
tropic  gas  expansion  process  after  injection  termination. 
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The  injection  system  was  a  pressure  switch-controlled,  pulse- 
type  system  with  a  pneumatically  operated  injector.  The  reagent 
was  supplied  from  a  gas-pressurized  tank,  which  was  instrumented 
for  the  determination  of  reagent  consumption.  Capability  was 
provided  for  shutoff  or  dump  of  the  reagent  in  the  event  of  an 
injector  malfunction,  Performance  tests  were  completed  with 
variable  propellant  outflow,  restart,  and  continuous  operation  to 
demonstrate  complete  system  capability. 

2.  Control  Console 


The  control  console  used  for  Phase  III  testing  was  located 
in  the  Cold  Flow  Laboratory  blockhouse  approximately  100  yd  from 
the  test  area.  It  provided  remote  control  for  all  test  phases, 
Including  propellant  loading,  pretest  pressurization,  and  auto¬ 
matic  test  sequencing.  Reagent  loading,  performed  on  the  test 
article,  was  not  included  in  the  remote-controlled  capability  of 
the  test  console.  Important  control  and  operating  parameters 
were  monitored  by  gages  and  direct-readout  recorders  while  a 
light  indication  was  provided  for  important  valve  positions, 
Visual  coverage  was  provided  by  two  remote-controlled  television 
cameras.  The  console  provided  malfunction  detection  capability, 
with  automatic  shutdown  in  case  of  over-pressurization  and 
manual  shutdown  in  the  event  of  control  irregularities.  The  en¬ 
tire  system  has  been  designed,  as  much  as  possible,  to  be  fail¬ 
safe  during  any  part  of  the  test  operation.  The  control  console 
is  shown  in  Fig.  IV-1. 

3.  Instrumentation 


Data  taken  during  Phase  III  testing  were  recorded  by  two 
Sanborn  six-channel  recorders,  five  Bristol  single-channel  re¬ 
corders,  eight  Dynac  single-channel  recorders,  and  one  78  channel 
Brush  event  recorder.  Parameters  recorded,  ranges,  symbols, 
and  transducers  used  are  tabulated  in  Table  IV-1.  Figures  IV-2 
and  IV-3  give  the  location  of  transducers  on  the  Phase  III  system. 

Pressures  were  measured  with  Data  Sensor  and  Tabor  pressure 
transducers.  Propellant  tank  pressure  and  reagent-injection 
pressure  were  of  primary  importance.  Propellant  tank  gas  tem¬ 
perature  was  measured  with  a  chromel-constantan  shielded  thermo¬ 
couple  mounted  so  it  protruded  approximately  1  in.  inside  the 
upper  dome  wall.  Three  unshielded  chromel-constantan  thermo¬ 
couples  were  spot-welded  to  the  outside  of  the  tank  upper  dome 
to  measure  tank  wall  temperatures  at  a  location  of  varying  skin 
thickness.  Propellant  temperature  wbb  recorded  23  in.  below  the 
tank  outlet  in  the  outflow  line  to  establish  the  condition  of 
the  discharged  propellant. 
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Potter  turbine  —  type  flowmeters,  used  for  flow  measurements, 
were  connected  to  digital  direct  readout  Dynac  recorders.  Re¬ 
agent  usage  was  measured  and  recorded  by  suspending  the  reagent 
tank  from  a  Baldwin-Lima-Hamilton  50-lb  load  cell  connected  to  a 
Bristol  direct-inking  recorder.  The  load  cell-tank  suspension 
arrangement  is  shown  in  Fig.  111-23. 

Combustion  gas  composition  data  were  obtained  with  a  simple 
gas -sampling  apparatus  similar  to  that  used  on  the  Phase  1  test 
article.  Analysis  of  the  gas  samples  was  accomplished  at  the 
National  Bureau  of  Standards  Laboratories  in  Boulder,  Colorado, 
using  a  mass  spectrometer. 


B.  DEMONSTRATION  TEST  SERIES 


A  reduction  in  the  planned  developmental  effort  on  the 
Phase  III  Mil  Pressurization  System  was  realized  because  of  the 
initial  success  of  the  system  that  evolved  from  an  extensive 
Phase  I  experimental  program.  Consequently,  a  single  verifica¬ 
tion  test  of  the  complete  system  was  performed  before  initia¬ 
tion  of  the  demonstration  test  program.  The  development  and 
functional  testing  of  the  individual  components  and  subsystems, 
however,  required  a  significant  effort  because  of  the  changes  in 
subsystem  design  and  test  technique  of  the  larger  system.  A 
summary  of  the  developmental  work  performed  is  contained  in  the 
following  paragraphs. 

1.  Component  Teats 

These  tests  were  to  verify  adequate  strength,  actuating  re¬ 
sponse,  and  leakage  of  the  individual  components  before  their 
installation  into  various  subsystems.  In  some  cases,  namely  the 
injector  and  pressure  switches,  some  development  effort  was  re¬ 
quired  to  achieve  the  desired  adjustment  or  level  of  performance. 
A  parts  list  giving  component  make,  model  number,  and  size  is 
given  in  Table  I1I-6. 

Solenoid  Valves  -  Solenoid  valves  tested  were  for  prepres¬ 
surization,  injector  control,  and  reagent  control.  They  were 
proof-tested  to  750  psig  and  tested  for  leakage  using  soap 
bubbles  with  GN2  at  500  psig  applied  to  the  inlet  port.  Allow¬ 
able  leakage  was  10  SCCM  from  outlet  port  and  no  visible  leakage 
externally.  Actuation  of  the  valve  was  to  be  smooth,  with  no 
evidence  of  hanging  up  or  excessive  electrical  requirements. 

Each  of  the  solenoid  valves  passed  the  tests  successfully. 
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Check  Valv68  -  Check  valves  to  be  used  in  the  prepressuriza- 
tion  lines  were  tested  for  proof  pressure  at  750  psig,  External 
leakage  was  checked  using  GNj  at  30  psig  applied  to  the  inlet 

port.  No  visible  leakage  was  allowed  using  soap  bubbles.  Re¬ 
verse  flow  leakage  was  checked  using  GNg  at  24  psig  applied  to 

the  inlet  port.  A  maximum  of  10  SCCM  reverse  flow  leakage  waB 
allowed.  Cracking  and  reseat  pressure  was  to  be  less  than  3 
psig.  Both  check  valves  successfully  passed  the  test  require¬ 
ments  , 

Vent  and  Relief  Valves  -  Vent  and  relief  valves  were  tested 
following  modification  as  described  in  Chap  III.C.5.  Tests  con¬ 
ducted  and  results  are  tabulated  in  Table  IV-2, 


Table  IV-2  Phase  III  Vent  and  Relief  Valve  Test  Results 


Results 

Item  tested 

Test  Applied 

PD47S0128 

■  mm  — 

11  III  HIM 

Leakage  at  outlet  port  with  GN2 

pressure  applied  to  3-in,  inlet 
port 

S/N  DI  "”t 
100  SCCM  at 

10  psig 

S/N  0000113 
7000  SCCM  at 

25  psig 

S/N0000161 
10,000  SCCM 
at  25  psig 

Actuation,  closed  to  open  and 
open  to  closed  several  times 

Smooth 

Smooth 

Smooth 

Poaition  switch  actuation 
when  valve  actuated 

Good 

Good 

Closed  posi¬ 
tion  good; 
open  posi¬ 
tion  bad 

Pilot  solenoid  operation  and 
current  draw  at  28v  dc 

Good  (0,5 
amp) 

Good  (0.5 
amp) 

No  good 

Reagent  Storage  Tank  -  The  reagent  storage  tank  was  proof 
pressure  tested  at  750  psig,  leak  checked  at  650  psig,  and  was 
found  to  be  satisfactory  following  repair  of  a  small  leak  near 
the  top  fitting.  Leak  testing  was  performed  by  pressurizing  to 
650  psig  with  water  and  monitoring  tank  pressure  for  2  minuter. 
No  pressure  was  observed. 
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Pressure  Switches  -  Pressure  switches,  except  injector  con¬ 
trol  pressure  switches,  were  checked  for  leakage  and  actuation 
pressures  using  a  Wallace  and  Tiernan  0  to  40  psi,  two-turn 
pressure  gage.  Because  the  same  injector  pressure  switches  were 
used  for  both  Phase  X  and  Phase  III,  no  additional  checkout  was 
required.  No  leakage  was  observed  on  any  of  the  pressure  switches. 
Actuation  pressures  are  listed  in  Table  IV-3. 


Table  IV-3  Phase  III  Pressure  Switch  Test  Results 


Pressure  j 

Switch 

Increasing 

Decreas ing 

Relief  Valve  Pressure  Switches 

PD71SOO 66-023  S/N  042 

PD71S0066-023  S/N  065 

PD71S0066-015  S/N  006* 
PD71S0066-015  S/N  007* 

27.25  psig 
26,60  psig 
26,65  psig 
26,64  psig 

27.74  psig 

26.11  psig 

26,35  psig 

26,22  psig 

Injector  Control  Pressure  Switches 

PD71S0067-001.  S/N 

PD71S00  67-001  S/N 

26.0  psig 

25,5  psig 

Differential  Pressure  Switch 

Spledel  No.  145-D  S/N  101 

0.65  paid 

0,35  psid 

*Not  Used 


In lector  -  The  injector  was  rebuilt  following  completion  of 
the  Phase  X  experimental  program.  It  was  used  to  develop  an 
injector  orifice  that  would  provide  a  good  solid  stream  of  liquid 
when  operated  at  various  supply  pressures.  Phase  I  testing  dem¬ 
onstrated  the  importance  of  injecting  a  solid  stream  of  reagent 
rather  than  a  spray.  Consequently,  additional  effort  was  de¬ 
voted  to  development  of  such  an  orifice.  Testing  consisted  of 
flowing  water  at  various  pressures  through  the  injector  and  ob¬ 
serving  the  resulting  spray  pattern. 
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The  initial  tests  were  performed  with  a  scaled  up  version  of 
the  0. 013-in,  dia  orifice  used  in  Phase  1  testing  as  it  had  pro¬ 
vided  a  good  solid  stream  of  liquid.  Injector  tips  were  machined 
with  0, 040-in,  dia  orifices  having  different  L/D  ratios  as  shown 
in  Fig.  11-53,  The  lower  L/D  ratio  appeared  to  improve  the  spray 
pattern  but  it  was  not  satisfactory.  Other  configurations,  as 
shown  in  Fig.  11-53,  were  tried  with  little  Buccess.  Finally,  a 
0. 047-in,  dia  injector  tube  was  made  with  an  extremely  large 
L/D  ratio  (64)  and  tested.  It  showed  considerably  better  results, 
so  another  was  made  and  a  series  of  tests  performed.  They  showed 
a  lowering  of  the  L/D  ratio  each  time  until  the  configuration 
shown  in  Fig,  IIT.-26  was  obtained  (L/D  *»  64).  The  solid  stream 
provided  was  much  better  than  any  other  orifice  tested,  so  it  was 
selected  for  the  Phase  111  system,  Following  the  orifice  tests, 
the  injector  was  cleaned  and  a  new  actuating  rod  lapped  to  the 
new  orifice.  The  injector  was  leak  checked  with  GNj  and  soap 

bubbles,  with  no  visible  leakage.  A  second  injector.  Identical 
to  the  first  and  used  in  the  Phase  I  oxidizer  tank,  was  rebuilt, 
tested,  and  found  to  be  satisfactory  for  Phase  111  oxidizer  tank 
testa, 

2.  Subsystem  Tests  ./ 

Tests  were  made  on  each  of  the  subsystems  to  verify  their 
proper  operation  before  final  connection  and  integration  into  a 
complete  test  system.  A  verification  of  injection  system  opera¬ 
tion  was  particularly  important  because  of  the  increase  in  size 
and  distance  of  the  reagent  supply  from  the  test  article  over 
the  Phase  1  configuration.  The  demonstration  of  proper  subsystem 
operation  also  provided  a  calibration  of  both  the  reagent  injec¬ 
tion  and  propellant  control  systems  before  an  MTI-pressurized 
propellant  expulsion,  The  subsystem  tests  described  in  the  fol¬ 
lowing  sections  were  divided  into  three  main  areas:  injection 
system,  pressure  control  system,  and  propellant  system. 

Injection  Subsystem  -  The  injection  subsystem  waB  tested  by 
filling  the  reagent  storage  tank,  pressurizing  it,  and  flowing 
reagent  through  the  injector  with  the  injector  mounted  outside 
the  propellant  tank.  The  tests  were  made  to  verify  the  system 
flow  capacity,  reagent  control  valve  operation,  and  injector  op¬ 
eration.  The  load  cell  measuring  reagent  usage  was  also  cali¬ 
brated  to  assure  a  2 %  accuracy.  Following  modifications  to  the 
fuel  tank  injector  supply  line  to  eliminate  excessive  pressure 
drop,  the  injection  subsystem  was  considered  satisfactory  for 
use, 
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3.  System  Teats 

The  Mil  Pressurization  System  development  tests  were  conducted 
at  the  Martin  Cold  Flow  Laboratory  Titan  XI  Systems  Test  Area. 

Tests  were  run  to  demonstrate  the  feasibility  of  the  MTI  tecnique 
for  flight  weight  propellant  tank  pressurization  and  to  accumu¬ 
late  sufficient  data  to  establish  performance,  repeatability,  and 
feasibility.  The  tests  were  also  t.o  provide  guidelines  for  fu¬ 
ture  missile  applications.  Five  tests  were  performed  on  the  fuel 
tank  during  June  1963,  and  two  tests  were  run  on  the  oxidizer 
tank.  Fuel  tank  tests  were  in  two  categories,  including  one  ni¬ 
trogen  and  four  MTI  pressurized  propellant  expulsions.  Because 
of  the  independent  nature  of  the  fuel  and  oxidizer  tank  systems 
when  using  the  bi-injection  technique,  it  was  possible  to  test 
each  tank  separately.  The  following  paragraphs  describe  the  com¬ 
plete  system  tests  conducted  and  the  results  obtained.  The  de¬ 
scription  of  tests  conducted  is  given  with  no  specific  reference 
to  either  fuel  or  oxidizer  because  the  same  tests  were  run  sepa¬ 
rately  on  each  tank. 

Inert  Pressurization  -  Inert  pressurization  tests  were  con¬ 
ducted  using  GN2  supplied  through  the  prepressurization  lines  to 

check  the  operation  and  capability  of  the  complete  system  before 
a  hot  test.  The  reagent  tank  was  not  filled,  and  the  reagent 
shutoff  valve  remained  closed.  Before  filling  the  propellant 
tank,  a  functional  check  of  the  system  was  made  by  actuating  all 
valves  and  the  injector  from  the  test  console,  and  checking  their 
operation  on  the  test  article.  The  propellant  tank  was  then 
filled  with  propellant,  checked  for  leaks,  and  pressurized  to  op¬ 
erating  pressure.  The  outflow  modulating  valve  (butterfly  valve) 
was  set  at  a  position  corresponding  approximately  to  design  out¬ 
flow  rate.  The  outflow  shutoff  valve  (ball  valve)  was  opened  and 
outflow  rate  adjusted  to  design  flow  rate  by  adjusting  the  modu¬ 
lation  valve.  Flow  commenced  until  the  low  level  sensor  sig¬ 
nalled  the  shutoff  timer  to  start.  Then  a  check  was  made  to 
determine  if  the  injector  control  valve  was  signalled  by  the  low 
level  sensor  to  close, ,  Following  the  preset  interval,  the  shut¬ 
off  time  caused  the  outflow  shutoff  valve  to  close.  Pressure  was 
vented  from  the  tank;  the  outflow  shutoff  valve  reopened,  and 
the  residual  propellant  was  drained  from  the  tank  into  the  catch 
tank. 

Fuel  Tank  Results  -  Fuel  tank  pressure  was  set  at  32  psia  be¬ 
fore  the  test  (Zest  1) .  Fuel  outflow  rate  was  held  at  610  to 
620  gpm  for  163  sec.  The  low  level  sensor  then  started  the  timer 
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Pressure  Control  Subsystem  -  The  pressure  control  subsystem 
was  tested  by  pressurizing  each  propellant  tank  with  nitrogen 
to  various  levels  to  verify  actuation  of  the  vent  and  relief 
valves,  injector  control  valve,  and  proper  functioning  of  the 
prepressurization  system.  The  helium  prepressurization  system 
was  used  to  pressurized  the  propellant  tanks  individually.  Pres¬ 
sure  in  the  propellant  tank  was  increased  until  the  injector 
pressure  switch  opened,  causing  the  injector  control  valve  to 
close.  The  pressure  was  then  decreased  until  the  injector  pres¬ 
sure  switch  caused  the  injector  control  valve  to  open.  This 
was  done  to  determine  if  the  injector  control  valve  closing  point 
was  within  36  +  1  psia  and  if  the  dead  band  between  open  and 
closing  points  was  0.5  psi  maximum.  Pressure  was  then  increased 
until  the  relief  valve  pressure  switch  opened,  causing  the  relief 
valve  to  open.  The  tank  pressure  decayed  through  the  open  relief 
valve.  When  the  valve  closed  the  pressure  was  noted.  The  pres¬ 
sure  at  which  the  relief  valve  opened  was  38.5  +  0.5  psia  with 
the  dead  band  between  open  and  closing  points  of  0.5  psi  maxi¬ 
mum.  Actuating  pressures  for  the  fuel  tank  were: 

Injector  control;  open  -37.3  psia,  closed  -37.8  psia; 

Relief  valve:  open  -39.3  psia,  closed  -38.8  psia. 

The  injector  control  actuating  pressures  were  0.8  psia  higher 
than  anticipated  but  were  considered  satisfactory. 

Propellant  Subsystem  -  The  propellant  tank  was  partially 
filled,  and  the  outflow  control  system  was  checked  for  proper 
operation  by  flowing  propellant  out  of  the  tank  into  the  catch 
tank.  Outflow  control  valve  operation  and  visual  observation 
through  the  propellant  tank  outflow  line  sight-glass  were 
checked.  It  was  found  that  a  television  camera  viewing  the 
outflow  sight-glass  gave  a  clear  indication  anytime  there  were 
bubbles  in  the  fuel  tank.  The  sight-glass  was  omitted  'from  the 
oxidizer  tank  with  the  installation  of  the  common  ullage  con¬ 
figuration. 

A  check  for  leakage  was  performed  by  filling  and  pressuriz¬ 
ing  the  tank  to  26  psig.  Several  leaking  huck  bolts  were  found 
on  the  top  dome  along  with  leaking  sight-glass  flanges  and  a 
patch  leak  on  the  tank  barrel  section.  All  except  the  patch 
leak  and  about  three  huck  bolt  leaks  were  completely  stopped. 
Pressure  decay  data  were  taken  before  each  MTI  test  run  so  test 
data  could  be  corrected  to  account  for  leakage.  The  level  sen¬ 
sors  were  checked  and  found  to  be  functioning  properly. 
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and  signalled  the  injector  control  valve  to  close.  Six  sec  later 
the  time  caused  outflow  to  stop.  The  tank  pressure  was  vented, 
and  the  residual  propellants  were  drained  from  the  tank.  No  cavi¬ 
tation  or  vapor  entrainment  was  observed  during  the  test  in  the 
outflow  sight  glass.  No  discrepancies  were  observed  in  the  test 
system  during  the  inert  pressurization  outflow  test,  verifying 
that  the  fuel  tank  system  was  ready  for  Mil  tests. 

Oxidizer  Tank  Results  -  The  inert  pressurized  propellant  ex¬ 
pulsion  was  not  required  for  the  oxidizer  tank,  because  system 
verification  was  achieved  during  prepressurizatlon  in  the  initial 
HTI  tests. 

Mil  Pressurization  Tests  -  MTI  pressurization  tests  were  con¬ 
ducted  with  the  complete  system  assembled  as  described  in  Chapter 
I V-A,  The  fuel  and  oxidizer  tanks  were  tested  independently, 
however,  identical  test  procedures  were  employed.  A  constant 
outflow  test  for  approximately  150  sec  and  a  restart  test  with 
variable  propellant  outflow  and  system  shutdown  for  10  min  after 
60  sec  of  constant  pressure  propellant  expulsion  were  made, 

(The  latter  test  was  to  simulate  a  vehicle  coasting  without  pro¬ 
pulsion.)  Following  the  10-min  coast  period  the  injector  was 
returned  to  automatic  control  to  repressurize  the  propellant  tank 
before  restarting  propellant  outflow.  Run  termination  by  use  of 
the  low  level  sensor  and  outflow  shutoff  timer  was  the  same  for 
both  tests. 

A  functional  test  of  the  test  Bystem  was  made  before  loading 
propellant  and  after  notifying  safety  personnel  and  obtaining 
test  clearance  from  environmental  control  concerning  weather  con¬ 
ditions.  The  reagent  tank  was  filled  after  verifying  that  the 
injector  was  closed.  During  filling,  the  reagent  tank  air  was 
bled  out  of  the  injector  through  the  reagent  isolation  and  bleed 
valves.  The  reagent  tank  was  then  pressurized  and  the  pressure 
was  monitored  to  be  sure  the  injector  was  not  leaking.  Following 
this  determination,  reagent  tank  pressure  was  vented  and  the 
test  area  was  cleared  of  personnel  except  for  two  cell  techni¬ 
cians.  Propellant  was  loaded  through  the  2-in.  dia  propellant 
return  line  T’d  into  the  4-in.  dia  outflow  line  just  below  the 
propellant  tank  outlet.  Rate  and  total  propellant  flow  were 
monitored  by  the  propellant  return  line  flowmeter,  Level  sensors 
were  used  to  confirm  that  propellant  tanks  were  accurately  loaded. 
Following  propellant  loading,  an  inspection  was  made  for  leakage. 
The  outflow  shutoff  timer  was  set  for  6-sec  delay;  the  outflow 
modulating  valve  was  opened  to  a  position  corresponding  to  the 
required  flowrate,  and  the  propellant  tank  was  pressurized  with 
helium  to  approximately  37.5  psia.  Another  leakage  check  was 
(  made  by  monitoring  the  propellant  tank  pressure  decay.  Pressure 

changes  observed  were  recorded  for  use  in  adjusting  test  data. 
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The  reagent  tank  was  gradually  repressurized  while  watching 
propellant  tank  pressure  for  any  indication  of  reagent  leaking 
through  the  injector.  The  reagent  isolation  valve  was  opened, 
and  the  reagent  bleed  valve  was  cycled  to  assure  elimination 
of  entrained  vapor  in  the  reagent  supply  system.  The  injector 
control  switch  was  moved  from  closed  to  automatic  position  on 
the  test  cnnsolp  after  verifying  that  propellant  tank  pressure 
was  approximately  37.5  psia.  At  this  point  the  system  was  ready 
for  countdown. 

During  the  countdown  data  recorders  and  cameras  were  turned 
on  and  the  test  was  initiated  by  opening  the  propellant  outflow 
shutoff  valve.  The  injection  system  operated  automatically  to 
maintain  propellant  tank  ullage  pressure  between  37  and  38  psia 
until  injection  was  terminated  by  the  low  level  sensor.  Propel¬ 
lant  outflow  rate  was  monitored  by  Dynac  digital  recorder  and 
adjusted  manually  by  the  Swartout  Autronic  System,  Tank  wall 
and  gas  temperatures  were  visually  displayed  by  Bristol  recorders 
to  verify  adequate  temperature  control.  Television  and  photo¬ 
graphic  observation  were  provided  for  general  system  inspection 
and  were  specifically  provided  for  detecting  vapor  entrainment 
in  the  propellant  at  the  outflow  sight -glass.  Propellant  tank 
overpressure  protection  was  provided  by  the  test  console.  In  the 
event  of  a  malfunction  automatic  corrective  actions  would  have 
resulted  in  a  shutdown. 

Following  outflow  termination  by  the  outflow  shutoff  timer, 
propellant  tank  pressure  was  vented  and  residual  propellant 
drained  slowly  from  the  propellant  tank.  Propellant  tank  pres¬ 
sure  was  monitored  during  outflow  to  prevent  tank  implosion  re¬ 
sulting  from  propellant  draining  and  temperature  reduction. 

The  reagent  isolation  valve  was  closed  and  the  reagent  tank 
drained  and  vented.  Reagent  was  bled  from  the  injector  and  a 
nitrogen  purge  initiated  to  clear  the  injector  of  reagent  and 
fumes.  The  propellant  tank  was  then  purged  with  hot  nitrogen  by 
flowing  it  in  through  the  propellant  fill  line.  A  propellant 
sample  was  obtained  manually  from  the  catch  tank  after  each  run. 
Propellant  was  stored  between  test  runs  in  the  catch  tank  by 
maintaining  a  5  psig  nitrogen  blanket  in  the  tank.  After  com¬ 
pletion  of  the  tests  the  propellant  was  stored  briefly  in  the 
catch  tank  with  dry  ice  on  the  dome  to  prevent  boiloff  and  sub¬ 
sequently  returned  to  the  facility  for  reuse  at  the  direction 
of  Edwards  Air  Force  Base  since  the  propellants  were  still  with¬ 
in  specifications, 


IV- 14 


RTD-TDR-63-U23 


Fuel  Tank  Results  -  Four  fuel  tank  MTI  pressurization  tests 
were  conducted  on  11  and  12  June  1963,  Three  of  the  tests  were 
constant  outflow  runs  and  the  fourth  was  a  restart  test  in  which 
propellant  outflow  and  injection  were  shutoff  for  10  min  after 
70  sec  of  operation.  All  four  tests  were  completely  successful. 
The  first  of  the  three  150-sec  constant  outflow  runs  was  con¬ 
sidered  a  development  test  to  verify  injection  system  capability 
and  to  allow  adjustment  of  the  reagent  supply  pressure  and  pro¬ 
pellant  flowrate.  As  a  result  of  the  initial  success,  the  re¬ 
maining  two  constant  flow  testB  and  the  restart  test  were 
identified  as  demonstration  tests  in  which  the  Martin  Quality 
Control  organization  was  responsible  for  data  verification.  The 
results  of  the  four  tests  conducted  on  the  fuel  tanks  are  dis¬ 
cussed  in  the  following  paragraphs. 

Test  data  for  the  three  constant  flow  runs  (Tests  2,  3,  and 
4)  are  shown  in  Fig.  IV-4  thru  IV-12,  No  vapor  entrainment  in 
the  propellant  was  observed  in  the  outflow  line  and  there  was 
no  noticeable  vibration!  however,  a  sound  recording  made  of  the 
combustion  process  indicated  moderate  detonations,  Maximum 
propellant  tank  wall  temperatures  ranged  from  228  to  266®F,  the 
difference  being  caused  by  the  initial  ullage  and  the  amount  of 
sunlight  incident  on  the  tank  dome,  Test  2  (the  initial  MTI 
pressurization  test)  was  with  a  227.  initial  ullage,  620  gpm  pro¬ 
pellant  outflow  rate,  and  a  175  psig  reagent  injection  pressure 
maximum  wall  temperature  of  228®F,  Tests  3  and  4  had  a  57.  ullage 
volume,  680  and  750  gpm  propellant  outflow  rate,  respectively, 
and  a  100  psig  reagent  injection  pressure  indicating  maximum 
temperatures  of  246  and  366'F,  The  slight  variation  in  wall  tem¬ 
perature  being  due  to  differences  in  the  amount  of  solar  radia¬ 
tion  as  evidenced  by  the  higher  initial  wall  temperature  for 
Test  4,  As  noted  In  the  instrumentation  section,  wall  tempera¬ 
tures  were  taken  at  three  different  locations  on  the  tank  dome. 

In  each  of  the  fuel  tank  tests  all  three  of  these  dome  tempera¬ 
tures  were  within  7*F,  Temperature  of  the  fuel  tank  gas  (Tg£t) 

was  recorded  to  be  approximately  50°F  below  tank  wall  temperature 
on  each  of  the  runs.  This  apparent  divergence  in  tank  tempera¬ 
tures  has  not  been  explained.  The  thermocouple  was  checked  and 
calibrated  before  each  run  and  rechecked  against  a  bulb  thermom¬ 
eter  in  air  following  the  tests.  Each  check  showed  the  thermo¬ 
couple  and  readout  equipment  operated  accurately.  Temperature 
increase  in  the  fuel  at  the  tank  outlet  was  a  maximum  of  7°F. 

Fart  of  this  variation  was  a  decrease  of  1  to  2°F  during  the  run 
because  of  propellant  stratification.  The  remaining  variation 
reflected  an  Increase  due  to  heating  from  the  Mil  reaction. 
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Fig.  IV -4  Bun  2  Phase  III  Fuel  Tank  System  Temperatures 
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Fig.  IV- 7  Run  3  Phase  III  Fuel  Tank  System  Temperatures 
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Fig.  IV -8  Run  3  Phase  III  Fuel  Tank  Injector  Performance 
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Because  of  the  close  tolerance  between  injector  operating 
pressure  and  relief  valve  actuation  pressure,  Injector  operation 
would  commence  when  the  system  was  in  the  automatic  mode.  This 
occurred  because  the  amount  of  prepressurization  was  generally 
within  the  operating  pressure  control  range  because  of  minor 
system  gas  leakage.  Leakage  from  the  propellant  tank  was  checked 
before  each  test  run  and  was  found  to  be  between  0.048  pai/sec 
to  0.1?.  pst/sec  at  38  psia  tank  pressure  when  prepressurized 
with  helium.  Pressure  control  at  the  start  of  each  test  was 
within  +1.0  psi  and  -0.4  psi  maximum  with  variation  decreasing 
during  each  run  as  ullage  volume  increased.  Pressure  control  is 
indicated  in  Fig.  IV-5,  IV-8,  and  IV-11  by  a  high  and  low  limit 
envelope  of  the  pressure  trace.  At  no  time  during  the  tests  did 
an  uncontrolled  pressure  surge  occur  in  the  fuel  tank.  A  sketch 
of  a  typical  pressure  cycle  during  the  first  few  seconds  of  a 
test  is  shown  in  Fig,  IV-13.  Reagent  injection  pressure  was  175 
psig  decaying  to  146  psig  for  Run  2,  93  pslg  for  Run  3,  and  84 
psig  for  Run  4.  Injection  pressure  was  reduced  because  of  the 
lower  than  anticipated  reagent  usage. 

Reagent  consumption  was  2.6  to  3.2  lb  as  determined  by  the 
reagent  tank  load  cell.  This  measurement  was  also  checked  by 
manually  intergrating  the  injector  control  pressure  traces  to 
obtain  injector  on  time  and  multiplying  this  time  by  the  injec¬ 
tor  flowrate  obtained  from  an  injector  calibration  curve  for 
the  0,047-in,  dia  nozzle.  The  result  verified  the  load  cell 
readings  noted  above.  Injector  cycling  rat«  (Fig.  IV-14)  varied 
from  a  maximum  of  2.5  cps  to  0,8  cps;  the  maximum  rate  occurred 
at  the  start  of  each  run,  and  decreased  as  the  propellant  waB 
expelled  because  of  the  larger  ullage. 

The  restart  Test  5  was  conducted  in  the  same  manner  as  the 
constant  flow  tests  except  that  both  outflow  and  injection  were 
shut  off  for  a  period  of  10  min  after  65  sec  of  constant  outflow. 
Propellant  shutoff  was  controlled  so  that  it  occurred  over  a 
period  of  9  sec  rather  than  approximately  3  sec  as  in  the  pre¬ 
vious  tests.  This  was  done  to  determine  the  effect  on  injector 
operation  under  throttling  conditions.  During  the  10-min  coast 
period  tank  temperatures  and  pressure  were  allowed  to  decay. 
Following  the  10-min  coast  period  the  injector  was  returned  to 
automatic  control  to  repressurize  the  propellant  tank  after  which 
outflow  was  re-established, 
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Data  for  the  restart  test  are  shown  in  Fig.  IV-15  and  IV-16. 
During  the  coast  period,  tank  pressure  decayed  to  25.5  psia  be¬ 
cause  of  decreasing  temperature  and  leakage  from  the  tank.  Wall 
temperatures  decayed  to  1286F.  After  energizing  the  pressuriza¬ 
tion  system,  following  the  coast  period,  the  injector  stayed  on 
continuously  for  3,9  sec  to  increase  tank  pressure  from  25.5  to 

3 

36.8  psia.  The  ullage  volume  is  approximately  140  ft  at  this 
time.  No  pressure  overshoot  or  temperature  spikes  occurred  dur¬ 
ing  the  repressurization  process.  Variation  in  outflow  rate,  as 
in  outflow  termination,  had  no  effect  on  injector  performance 
except  to  change  the  injector  cycling  rate.  Reagent  usage  during 
the  repressurization  process  was  0.4  lb.  Reagent  consumption  for 
the  entire  run  was  2.9  lb.  The  actual  pressure  trace  for  this 
run  is  shown  in  Fig.  1V-17. 

Tank  wall  temperature  was  233°F  maximum  for  the  restart  test. 
Propellant  temperature  at  the  outlet  decreased  1.8°F  during  the 
first  30  sec  of  the  test  run  and  increased  during  the  final  50 
sec  by  6.3®F.  No  system  vibration  or  bubble  entrainment  in  the 
propellant  was  observed  on  the  television  monitor.  A  sound  re¬ 
cording  was  made  during  the  test  by  fastening  an  intercom  head¬ 
set  to  the  outer  tank  wall  above  the  high  level  sensor.  The 
tank  reaction  makes  a  considerable  amount  of  noise  as  it  could 
be  heard  approximately  100  yd  from  the  test  site  while  testing 
was  in  progress. 

Gas  sampling  was  accomplished  using  the  same  equipment  and 
technique  used  during  Phase  I  testing.  Twc  samples  were  taken 
follwoing  the  completion  of  the  restart  test  and  analyzed  at  the 
National  Bureau  of  Standards  in  Boulder,  Colorado,  The  results 
were  as  follows  on  a  helium  free  basis: 


Combustion  Products 

Volume  (7.3 

N2 
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H2 
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NO 
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0.2 
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Molecular  Weight  of  Combustion  Products  =  15.98 

Molecular  Weight  of  Ullage  Gas  =  17.02 

Molecular  Weight  of  Ullage  Gas  (No  Helium)  =  18,00 

Propellant  analysis  was  performed  at  the  Martin  Quality  Control 
Laboratories  as  described  in  Chapter  IIC2.  The  fuel  was  found 
to  be  within  specification  limits  after  completion  of  four  full 
duration  tests  and  subsequently  returned  to  storage. 

Oxidizer  Tank  Results  -  The  initial  oxidizer  tank  MTI  pres¬ 
surization  test  was  performed  on  13  September  1963,  Pressuriza¬ 
tion  during  the  150-sec  continuous  test  was  achieved  by  direct 
fuel  injection  through  the  0. 047-in,  dia,  solid-stream  injector 
nozzle.  In  general,  the  performance  was  good  and  quite  similar 
to  the  fuel  tank,  All  critical  parameters  were  recorded  except 
for  the  ullage  gas  temperature  and  propellant  flow  rate.  Approx¬ 
imate  values  have  been  determined  for  these  two  parameters,  how¬ 
ever.  They  are  based  on  tank  wall  temperature  measurements  and 
propellant  level  sensor  indication,  Photographic  observation  of 
the  system  during  the  run  was  also  achieved,  as  well  as  a  sound 
recording  of  the  actual  pressurization  process. 

The  results  of  the  initial  ozidizer  tank  MTI  test  (No.  6) 
are  shown  in  Fig.  IV-18  thru  IV-21,  This  test  wbb  performed  with 
the  initial  57.  ullage  prepressurized  with  helium  to  38  psia.  A 
leak  check  before  test  initiation  indicated  a  pressure  decay  of 
approximately  2  psi/min.  Instrumentation  locations  are  indicated 
in  Fig  IV-2  and  IV-3  with  a  tabulation  of  the  nomenclature  con¬ 
tained  in  Table  T.V-1,  A  headset  installed  on  the  propellant  tank 
forward  skirt  indicated  moderate  detonations  from  the  reaction. 

No  vibration  was  observed,  however.  The  sound  has  been  described 
as  analogous  to  rapid  helium  pressization  of  the  ullage. 

Pressure  control  was  within  37,5  +  1  psia  at  the  start  of 
the  test  and  narrowed  to  +0.25  psi  near  the  end.  Injector  fre¬ 
quency  (5  cps)  was  higher  in  the  fuel  tank  and  diminished  to  2 
cps  toward  the  end  of  the  test.  The  maximum  wall  temperature 
of  267°F  was  obtained  from  the  No.  3  position  on  the  tank  dome, 
with  a  range  over  the  surface  to  234°F,  Because  of  solar  heat¬ 
ing,  the  average  initial  tank  wall  temperature  was  100°F,  with 
an  ambient  temperature  of  81 “F,  A  17°F  rise  in  propellant  tem¬ 
perature  was  detected  during  the  run,  which  reduced  the  pres¬ 
surization  requirements  somewhat.  Reagent  consumption  was  lower 
than  anticipated  at  3.3  lb,  resulting  in  only  fair  pressure  con¬ 
trol  due  to  the  oversized  injector. 
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Fig.  IV-17  Run  5  Actual  Phase  III  Fuel  Tank  Pressure  Trace,  Restart  Test 
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Fig.  IV -18  Run  6  Phase  III  Oxidizer  Tank  System  Temperatures 
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Fig.  IV-19  Run  6  Phase  III  Oxidizer  Tank  Injector  Performance 
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Fig.  IV-20  Run  6  Phase  III  Oxidizer  Tank  Pressurization  and 
Propellant  Flowrates 
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Average  propellant  flowrate  was  determined  from  the  158-sec 
duration  of  the  test  and  volume  between  the  liquid  level  sensors. 
Propellant  analysis  performed  on  oxidizer  specimens  taken  before 
and  after  the  test  indicated  a  negligible  increase  in  water  con¬ 
tent.  The  entire  propellant  was  then  returned  to  storage  at 
direction  of  the  procuring  officer.  Chemical  analysis  conducted 
on  a  gas  sample  taken  after  the  test  indicated  the  following  com¬ 
position  on  a  helium-free  basis: 

Constituent  Volume  (7.) 


no2 

59,75 

N2 

26.05 

H2 

Trace 

°2 

6,47 

C°2 

6,06 

H2° 

1.25 

NIL 

3 

0,42 

Combustion  product  molecular  weight  was  30.63  with  a  total  gas 
molecular  weight  of  38,28  or  39,81  with  no  helium, 

A  second  test  was  performed  on  the  oxidizer  tank  September  17, 
1963.  System  configuration  was  identical  to  the  previous  test 
except  for  replacement  of  an  inoperative  vent  and  relief  valve, 
repair  of  the  propellant  flowmeter,  and  replacement  of  the  pro¬ 
pellant  tank  ullage  thermocouple.  The  planned  test  procedure 
incorporated  a  10-mln  coast  period  after  the  first  60  sec  of 
variable  outflow  operation.  It  then  resumed  outflow  at  a  vari¬ 
able  rate  until  propellant  depletion.  A  loss  of  propellant  flow 
indication  prevented  an  accurate  indication  of  the  flow  adjust¬ 
ment  achieved,  but  modulation  was  believed  less  than  207».  In 
general,  the  performance  was  good  and  quite  similar  to  the  fuel 
tank  restart  test  except  that  several  seconds  lapsed  before  re¬ 
sumption  of  propellant  flow  following  the  10-min  coast.  All 
critical  parameters  were  recorded  except  for  the  loss  of  the 
propellant  flow  rate  and  one  tank  wall  thermocouple,  A  sound 
recording  of  the  MTI  pressurization  process  was  also  made  in  the 
same  manner  as  was  accomplished  on  the  fuel  tank. 
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Fig.  IV-21  Actual  Phase  III  Pressure  Trace  with  5%  Initial  Ullage,  Oxidizer  Tank 

IV -3 9  and  IV -40 


RTD-TDR-63-1123 


The  results  o£  the  oxidizer  tank  restart  test  (No.  7)  are 
shown  In  Fig.  IV-22  thru  IV-24,  The  initial  5%  propellant  tank 
ullage  volume  was  prepressurized  with  helium  to  38  psia.  A  leak 
check  before  test  initiation  indicated  a  pressure  decay  of  ap¬ 
proximately  1,5  psi/min.  Instrumentation  was  the  3ame  as  the 
previous  test  except  Tgot  was  located  6  in,  inside  the  tank  for¬ 
ward  dome  and  2  ft  radially  from  the  injector.  The  headset  was 
installed  on  the  forward  dome  for  this  run  to  obtain  better  sound 
definition,  Again  no  vibrations  or  pressure  surges  were  noted. 
Pressure  control  was  within  37+1  psia  at  the  start  of  the  test, 
decreasing  to  37  +  0.25  psi  after  20  sec.  Injector  frequency  was 
5  cps  initially  and  diminished  to  2  cps  after  restart.  The  max¬ 
imum  wall  temperature  of  216°F  occurring  at  shutdown  was  obtained 
from  the  No.  1  and  2  positions  on  the  tank  dome.  Initial  wall 
temperatures  were  between  72  and  84°F  due  to  the  solar  heating 
effects.  Ambient  temperature  was  79°F,  with  the  initial  ullage 
temperature  74 °F  and  propellant  temperature  56BF,  A  20°F  rise 
in  propellant  temperature  was  detected  during  the  run,  which  in¬ 
creased  the  amount  of  propellant  vaporization  with  resultant  de¬ 
crease  in  reagent  consumption.  The  relatively  high  final  gas 
temperature  of  326°F  results  in  almost  complete  dissociation  of 
the  vaporized  propellant  and  a  low  reagent  consumption  of  3.4 
lb.  During  repressurtzation,  0.4  lb  of  reagent  was  required  to 
bring  the  ullage  pressure  up  from  27.1  psia  to  37  psia  in  7  sec. 

An  average  propellant  flow  rate  of  129.36  lb/sec  was  deter- 

3 

mined  from  the  174-sec  test  duration  and  246.8  ft  volume  between 
level  sensors.  Results  of  the  propellant  analysis  performed  at 
the  Martin  Quality  Control  Laboratories  indicated  the  oxidizer 
water  content  increased  from  0.06%  before  Run  6  to  0.17%  after 
Run_7  (0,20  max  Spec  AGC-44055A)  .  No  analysis  of  the  pressur¬ 
izing  gas  was  performed  on  thiB  test, 

Phase  III  Data  Summary  -  Satisfactory  pressurization  of  the 

3 

279  ft  flightweight  aluminum  propellant  tanks  has  been  demon¬ 
strated  by  the  direct  injection  of  nitrogen  tetroxide  into  the 
50/50  UDMH  hydrazine  fuel  blend  and  vice  versa  with  the  pulse 
mode,  solid  stream,  surface  injection  system,  Pressure  was  con¬ 
trolled  to  within  +0.7  psi  at  37  psia  with  the  5%  initial  ullage 
volume  in  each  propellant  tank.  The  control  band  decreased  to 
±0.25  psi  after  approximately  20  sec  of  operation  with  the  in¬ 
creasing  ullage.  Four  MTI  pressurization  tests  were  made  on  the 
fuel  tank  and  two  on  the  oxidizer  tank.  Of  the  tests  performed, 
all  were  of  150-sec  nominal  duration,  with  one  test  on  each  tank 


IV -41 


RTD-TDR-63-1123 


designated  as  a  restart  test.  During  the  restart  test,  pressur¬ 
ization  system  capability  was  demonstrated  by  varying  the  propel¬ 
lant  outflow  rate,  repressurizing  after  the  10-min  coast  period, 
and  employing  an  injector  shutoff  sequence  before  propellant-flow 
termination.  In  all  of  the  tests,  adequate  thermal  protection 
was  achieved  because  of  the  inherent  regenerative  cooling  capa¬ 
bility  of  the  main  propellant.  In  addition,  no  pressure  surges 
or  entrained  vapor  were  detected  at  the  expelled  propellant.  A 
summary  of  the  data  obtained  is  presented  in  Table  IV-4 . 


Table  IV-4  Phase  III  Demonstration  System  Test  Results 


Fu*l  T.ihk 

Type  Run 

AT  Gas 

m 

NT  Liquid 
(8F) 

AT  Wall 

rn 

Comh ,  Prod . 
Hole.  Wt , 

UP 

(lb) 

Pressure  Cont 
(p»  13 

11 2° 

(7.) 

Injector 
Frequency  (cps) 

Surface  Solid  •  37  p«lA 
(150-scc  continuous) 

N/A 

6 

(72  max) 

131 

(228  max) 

N/A 

2.5 

40. 7 

1.02 

1.6  to  0.8 

Surface  Solid  -  37  pain 
(ISO-sec  continuous) 

N/A 

10 

(76  max) 

152 

(246  max) 

N/A 

3.1 

jp.7 

n/a 

2.5  to  1.0 

Surfoce  Solid  -  37  pala 
(150-ace  continuous) 

N/A 

5 

(70  max) 

232 

(?66  max) 

N/A 

2.5 

jO.7 

N/A 

2.6  to  0.9 

Surface  Solid  •  37  pain 
(Restart  Test) 

N/A 

8 

(82  max) 

128 

(222  max) 

16.0 

18.0  (Total) 

H 

40.7 

0.72 

2.5  to  0.9 

|  Oxidizer  Tnnk  | 

Surface  Solid  -  37  psln 
(150 -sec  continuous) 

N/A 

5 

3  «-i 
a 

X 

174 

(246  max) 

30.6 

39.8  (Total) 

3.3 

40.7 

0.06 
(He fore 
Test) 

4.6  to  1  .8 

130 

(215  max) 

N/A 

I 

■ 

*./  lt>  1.7 

N/A  -  Not  AvaLlablc 
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Fig.  IV-22  Run  2  Phase  III  Oaidiaer  lank  Injector  Performance 
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V.  PHASE  IV  PROGRAM 


The  final  portion  of  the  MTI  program  involved  the  analysis  and 
interpretation  of  the  Phase  I  and  Phase  III  test  data,  with  the 
basic  thermo-chemical  relationships  compiled  in  the  form  of  a 
Design  Handbook.  Results  of  the  Martin  test  programs  have  been 
compared  with  theoretical  predictions  and  previous  data  reported 
under  AFQ4(611)-6087  to  establish  the  extent  of  correlation  and 
to  verify  the  accuracy  of  performance  prediction.  An  MTI  mathe¬ 
matical  model  formulated  on  the  IBM  7094  digital  computer  was 
used  to  predict  the  Phase  III  pressurization  system  performance 
as  well  as  to  determine  the  feasibility  of  adopLing  an  MTI  pres¬ 
surization  system  to  the  Titan  II  and  Titan  III  transtage.  A 
cost,  weight,  and  reliability  analysis  of  the  possible  Titan  mis¬ 
sile  application  of  an  MTI  pressurization  system  with  preliminary 
design  schematics  has  also  been  completed  to  aid  in  the  evaluation. 


A.  CORRELATION  OF  TEST  DATA 


The  MTI  pressurization  system  test  results  have  been  reviewed 
to  determine  correlation  and  accuracy  of  predicting  performance 
of  future  flight  systems.  Test  data  for  the  Phase  I  Martin  test 
program  under  Contract  AF04(611)-8198  have  been  compared  with 
Lockheed's  previous  work  resulting  in  Contract  AF04(611)-6087  .  The¬ 
oretical  performance  predictions  obtained  with  the  IBM-7094  mathe¬ 
matical  model  are  compared  with  the  Phase  III  data  only,  since  the 
Phase  1  test  data  were  used  to  establish  the  proper  heat  and  mass 
transfer  coefficients. 

The  Phase  I  tests  were  performed  on  a  5.33  cu  ft  spherical 
aluminum  propellant  tank  with  5/8  in.  thick  walls  and  on  a  279 
cu  ft  aluminum  cylindrical  tank  with  eliptical  domes  and  walls 
averaging  0.075  in.  thick.  The  Lockheed  test  article  was  a  1 .0 
cu  ft,  thick  walled  stainless  steel  tank.  System  operating  tem¬ 
peratures  reported  naturally  show  some  divergence  due  to  differ¬ 
ences  in  heat  capacity,  initial  temperature,  and  durat  ion  of 
exposure  for  the  various  systems.  Theoretical  performance  is 
compared  with  the  Martin  data  only,  since  the  exact  physical 
characteristics  and  method  of  operation  of  the  Lockheed  system 
were  no  t  known . 
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In  general,  excellent  correlation  was  found  between  the  actual 
and  predicted  performance  of  the  input  reaction  processes  of  the 
Phase  III  system.  Divergences  in  performance  reported  can  be 
attributed  to  unidentified  process  influence  parameters  requiring 
further  study.  Comparisons  of  AF04  (611)  -6087  data  previously 
acquired  shows  a  serious  conflict  with  AF04(611)-8198  data,  in 
that  a  combustion  gas  molecular  weight  and  apparent  reaction  mix¬ 
ture  ratio  are  virtually  reversed  for  direct  injection  process  of 
both  the  fuel  and  the  oxidizer  tank.  Although  common  ullage 
pressurization  of  the  oxidizer  tank  was  also  studied,  no  test 
data  are  available  at  this  time  for  comparison  with  theoretical 
predictions.  Process  gas  characteristics  have  been  compared  for 
the  various  teut  systems  with  data  obtained  by  mass  spectrometer 
gas  analysis. 

1.  Process  Gas  Characteristics 


The  molecular  weight  and  composition  of  the  process  gas  have 
been  compared  for  the  various  experimental  programs .  Since  the 
mixing  technique  affects  the  reaction  significantly,  factors  such 
as  injector  nozzle  contour,  differential  pressure,  and  physical 
characteristics  of  the  system  will  alter  the  resultant  composition 
of  the  combustion  products.  The  results  presented  in  this  section 
are  based  on  a  soiid  stream  surface  reagent  injection  process  for 
the  single- tank  tests  and  subsurface  gas  impingement  for  the 
oxidizer  tank  of  the  common  ullage  configuration.  All  tests  were 
performed  at  36  psia  tank  pressure  and  75  psi  injector  differential 
pressure;  however,  the  operating  pressure  has  not  been  specified 
for  the  Lockheed  results,  but  Is  believed  to  be  in  the  30  to  350 
psig  range. 

A  comparison  of  the  MT1  pressurizing  gas  molecular  weight 
obtained  from  the  Lockheed  data  and  from  Phase  I  and  Phase  III 
Martin  programs  are  shown  in  Fig.  V-l  and  V-2  with  the  composition 
described  in  Table  V-l.  The  oxidizer  tank  data  indicate  the 
gaseous  combustion  product  characteristics  and  the  resultant  mo¬ 
lecular  weight  of  the  pressurant,  including  the  35%  mole  fraction 
of  vaporized  oxidizer.  Fuel  vaporization  was  generally  small  in 
the  Phase  1  program  due  to  relatively  cool  (50°F)  ambient  temper¬ 
atures.  Consequently  an  increase  in  molecular  weight  of  the  gas 
was  not  encountered.  All  data  are  reported  on  a  helium-free  basis. 
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Note:  1.  P  f(T  ■  36  psia. 

2.  Surface  solid  AP^  ■»  75  psi . 

3.  50-50  UDMH  injected  in  N^. 


Phase  I  phase  Ill  AF04(611)-6087 

Fig.  V-l  Molecular  Weight  Correlation,  MTI  in  Oxidizer  Tank 
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Although  excellent  correlation  of  molecular  weights  was 
achieved  from  the  Phase  I  and  Phase  HI  programs,  the  gas  charac¬ 
teristics  reported  under  AFQ4(611)-6Q87  were  not  in  agreement. 
Likewise,  the  apparent  reaction  mixture  ratio  obtained  with  the 
solid  stream  surface  reagent  injection  process  showed  poor  corre¬ 
lation  for  all  configurations.  Oxidizer  tank  process  character¬ 
istics  shown  in  Fig.  V-3  indicate  the  variation  between  Phase  X 
and  Phase  III,  a  slight  variation  in  fuel  tank  reaction  mixture 
ratio  was  also  obtained  (see  Fig.  V-4)  .  The  lower  reaction  mix¬ 
ture  ratio  realized  in  the  Phase  III  fuel  tank  and  higher  reaction 
mixture  ratio  in  the  oxidizer  tank  are  probably  due  to  a  change  in 
injector  design.  (The  Phase  I  injector  was  a  flat  plate  of  0.013 
in.  dia  orifice,  and  the  Phase  III  injector  emnloyed  a  2  in.  long. 
0.047  in.  dia  injector  tube.)  The  exact  flow  characteristics  of 
the  Lockheed  injector  are  not  known  but  crimped  injector  tubes 
3/32  to  5/32  in.  in  dia  were  used  to  give  a  fan  spray.  The  in¬ 
jector  differential  pressure,  however,  was  apparently  sufficiently 
low  to  prevent  atomization  ot  the  reagent. 

Table  V-2  compares  data  from  a  gas  generator  process  with  data 
on  typical  fuel  tank  ullage  gas  composition  for  a  150-sec  MT1 
pressurization  test  with  solid  stream  surface  injection  of  nitro¬ 
gen  Tetroxlde .  The  average  molecular  weight  of  the  ullage  gas 
shows  the  dilution  of  the  initial  nitrogen,  used  for  prepressuri¬ 
zation,  by  combustion  products  with  a  variation  in  gas  molecular 
weight  from  27  .22  near  the  start  of  the  test  to  18.71  at  the  end. 
The  change  in  molecular  weight  of  the  ullage  gas  corresponds  to 
that  predicted  with  a  constant  combustion  product  molecular  weight 
ot  approximately  13.  The  average  composition  of  the  MTI  combustion 
products  were  determined  by  extracting  the  fuel  vapor  and  a  por¬ 
tion  of  the  nitrogen  present  from  prepressurization,  with  a  re¬ 
sultant  molecular  weight  of  12.39.  In  later  tests,  an  Increase 
in  molecular  weight  was  obtained  due  to  a  change  in  gas  analysis 
technique.  A  comparison  with  typical  gas  generator  products  of 
combustion  indicates  that  only  a  slightly  lower  molecular  weight 
is  achieved  with  the  MTI  pressurization  process.  The  reactive  con¬ 
stituent  ammonia  is  reduced  by  approximately  607,.  The  absence  of 
water  in  the  MTI  combustion  products  is  due  to  condensation 
occurring  in  the  actual  system  and  Is  not  considered  a  particular 
advantage  over  the  small  percentage  detected  with  the  gas  generator 
syatem . 
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Reaction  Mixture  Ratio,  0/F 


I 


1.  =  36  pBia  (nominal). 

2.  Surface  solid  AP.  ,  “  75  psi, 

inj  r 

3.  N204  injected  in  50-50  UDMH/N^. 
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Phase  1  Phase  II  AF04(611) -6087 


Fig.  V-4  Reaction  Mixture  Ratio  -  Mil  Fuel  Tank 


V-8 


RTD-TDR-63-1123 


Table  V-2  Propellant  Tank  Pressurizing  Gas  Composition,  Volume  Percent 


MT1 

Ullage  Gas 

MT1 

Combustion 

Products 

Gas  Generator 
Combustion 
Products 

Time  (sec) 

20 

60 

120 

160 

N2 

93.33 

77.31 

56.52 

53.40 

23  .0 

22.53 

H2 

2.23 

13.48 

24.76 

30.36 

48.3 

26.74 

ch4 

0.42 

3.84 

6.91 

7.32 

12.5 

11.10 

nh3 

2.97 

3.90 

8.86 

7.02 

14.2 

35.17 

NO 

0.52 

0.73 

1.01 

1.15 

1.9 

UDMH 

0.52 

0.73 

1.94 

0.74 

- 

CO 

- 

- 

- 

- 

1.96 

co2 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

H20 

- 

- 

- 

- 

- 

0.34 

Miscellaneous 

(less  than  1%) 

- 

2,14 

Actual  Molec¬ 
ular  Weight 

27.22 

23.85 

20 . 40 

18.71 

12.39 

15.86 
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2.  Small-Scale  System  Performance 

The  performance  of  the  Phase  X  small-scale  Mil  pressurization 
system  developed  under  AF04 (611) -8198  has  been  compared  with  the 
data  generated  under  AF04 (611) -6087  for  a  direct  reagent  injection 
process.  Comparisons  were  based  on  the  amount  of  reagent  required 
to  pressurize  a  given  volume  at  operating  pressures  of  36  to  200 
psia.  The  final  ullage  volume  in  the  case  of  AF04 (611) -8198  was 
4.91  cu  ft;  and  for  the  AF04(611)-6087  program,  1  cu  ft.  The 
corresponding  maximum  ullage  gas  temperatures  for  the  two  systems 
are  shown  in  Fig.  V-5  indicating  a  slight  divergence  primarily 
due  to  a  difference  in  reported  apparent  process  reaction  mixture 
ratios  of  the  two  systems  (the  higher  gas  temperature  correspond¬ 
ing  to  a  higher  reaction  mixture  ratio). 

Pressurant  demand  for  the  small-scale  single  tank  systems  is 
compared  in  Fig,  V-6  and  V-7  with  a  presentation  of  comparable 
performance  for  the  common  ullage  Phase  I  system  shown  in  Fig. 

V-8,  The  pressurant  demand  curves  indicate  the  quantity  of  fuel 
and  oxidizer  required  to  pressurize  a  given  volume  with  the  extent 
of  vaporization,  condensate  formation,  and  final  system  tempera¬ 
tures  encountered.  Significant  variances  in  the  AF04 (611) -6087 
data  are  due  to  the  differences  in  reaction  mixture  ratio,  lack 
of  condensate  formation  or  propellant  vaporization,  or  both,  and 
a  slight  change  in  final  gas  temperature. 

3,  Full-Scale  System  Performance 

The  performance  of  the  Phase  III  full-scale  MTX  pressurization 
system  developed  under  AF04(611) -8198  has  been  compared  with  the 
theoretical  performance  obtained  from  the  IBM-7094  mathematical 
model  for  the  direct  reagent  injection  process.  Predictions  are 
based  on  the  actual  reaction  mixture  ratio  with  the  previously 
established  heat  and  mass  transfer  coefficients  obtained  from  the 
Phase  I  program.  Performance  histories  for  typical  continuous 
150-sec  runs  are  shown  in  Fig.  V-9  and  V-10,  with  a  comparison  for 
the  theoretical  values.  Pressure  control  at  the  start  of  the  zun 
was  not  within  the  +0.5  psia  predicted  range.  Due  to  a  slightly 
oversized  injector,  the  actual  fuel  tank  bulk  gas  temperature 
measurement  was  not  functioning  properly,  consequently,  the  quan¬ 
tity  of  gas  generated  was  approximated  with  a  partial  verification 
of  expected  reagent  consumption  obtained  for  the  conditions  en¬ 
countered. 
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Fig.  V-S  Mil  Final  Gas  Temperature  Comparisons,  Small-Scale  Systems 
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Fig.  V-6  MTI  Pressurant  Weight,  Oxidizer  Tank,  Comparison  of  Results  from 
AF04(6U)-6087  and  AF04(61l) -8198 
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Tank  Pressure  (psia) 


Fig,  V-7  MTI  Pressurant  Weight,  Fuel  Tank,  Comparison  of  Results  from 
AF04(611)-6087  and  AF04(611)-8198 
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Fig,  V-10  Phase  III  MTI  Oxidizer  lank  Performance 
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B.  Mil  SYSTEM  DESIGN  HANDBOOK 


In  this  section  design  information  is  presented  to  permit  pre¬ 
liminary  sizing  of  main  tank  injection  pressurization  systems  for 
NoO^-50y50  mixture  of  UDMH  and  propellant  combination.  It 

must  be  recognized  that  the  thermodynamic  actions  occurring  during 
the  process  are  not  completely  understood.  Consequently,  certain 
approximations  are  made  that  may  require  revision  pending  further 
investigation.  Due  to  the  rapid  time-varying  nature  of  the  process, 
non-steady-state  conditions  prevail  so  that  no  method,  short  of  an 
exact  solution  of  the  differential  equation  expressing  the  energy 
transfer  during  the  expulsion  process,  will  give  accurate  results. 

A  satisfactory  substitute  for  this  is  the  digital  computer  program 
described  in  Chap.  Ill,  Sec  A. 3,  which  solves  the  energy  transfer 
differential  equation  on  an  incremental  time  basis. 

In  some  applications  where  rapid  preliminary  design  information 
is  desired,  the  use  of  such  computer  program  may  be  discourage  due 
to  cost,  time,  or  similar  considerations.  It  is  expressly  for  these 
situations  that  the  MTI  design  method  is  directed  Certainly,  com¬ 
plete  re-examination  of  these  results  by  the  computer  program  should 
follow  when  the  Mil  process  appears  to  be  attractive  for  the  par¬ 
ticular  application  under  consideration  end  when  greater  accuracy 
is  desired. 

1.  General  Design  Considerations 

The  design  of  any  Mil  pressurization  system  is  governed  by  the 
following  requirements: 

1)  Mission  profile; 

2)  Tank  pressure; 

3)  Reliability  emphasis. 

They  are  discussed  in  the  following  paragraphs. 

Mission  Profile  -  A  feature  of  the  MTI  system  is  the  low  gas 
density  pressurant  generated.  This  is  due  primarily  to  operation 
at  elevated  gas  temperatures,  although  a  moderate  gas  molecular 
weight  (16  to  30)  is  also  beneficial.  However,  when  mission  pro¬ 
file  is  such  that  the  influence  of  heat  loss  from  the  pressurant 
becomes  extensive,  such  as  for  long-term  in-space  storage  applica¬ 
tions,  the  advantages  of  low  gas  density  tend  to  disappear. 
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Tank  Pressure  -  Equilibrium  gas  temperatures  of  KTI  systems 
rise  appreciably  under  increasing  tank  pressure  levels.  Figure 
11-113  shows  a  typical  range  valid  for  5/8-in.  aluminum  walls 
under  exposure  at  atmospheric  temperatures  (40  to  80  6F) .  It 
should  be  evident  that  for  flight -weight  tanks,  wall  temperatures 
become  greater  for  the  thinner  walls.  Consequently,  wall  tempera¬ 
ture  limitations  and  wall  material  selections  influence  the  de¬ 
sign. 

Reliability  -  Reliability  considerations  govern  the  design 
of  all  flight  systems.  For  this  discussion,  it  is  presumed  that 
the  overall  reliability  of  Mil  systems  are  comparable  to  other 
types  of  Lank  pressurization  systems.  The  principle  difference, 
then,  of  the  MTI  System  is  that  pressurant  gas  properties  are  not 
fixed  but  may  show  certain  variations.  These  differences  can  be 
explained  partly  by  imperfect  injection  patterns,  although  more 
study  is  needed  for  quantitative  definition.  Evidence  shows  that 
wide  reagent  spray  patterns  elevate  gas  temperatures  excessively. 
Besides  increasing  the  wall  temperatures,  increases  in  molecular 
weight  and  reaction  mixture  ratio  influences  are  sustained. 

Thus  solid-stream  injection  is  considered  the  best  injection 
arrangement  because  of  desirable  products  of  reaction  and  heat 
dissipation  to  the  liquid  propellant.  Additionally,  the  MTI  sys¬ 
tems  should  incorporate  protective  devices  to  prevent  developing 
partial  spray  patterns  from  contaminated  propellants. 

2.  Sizing  of  Propellant  Tanka 

For  a  given  vehicle  application,  the  following  parameters  are 
generally  known  or  can  easily  be  computed  from  standard  thermo¬ 
dynamic  relationships: 

Propellant  Mixture  Ratio 

Thrust 

Burning  Time 

Specific  Impulse 

Initial  Ullage  Volume 
Total  Tank  Volume 

Acceleration 


A  (O/F) 
F  lb 
T  sec 


b.  cv-i/1*. 


Ku  =  0.05 
g/g„ 
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NPSHp 

Tank  Pressure  Requirement,  ■=  +  Pv 


hPa 

144g  +  ^line’ 
c 


[1] 


hpa 

TTT~  +  A?,,  • 

144g  line 

c 


[2] 


Equation  [1]  applies  to  pump-feed  propulsion  systems  and  Eq  [2] 
to  pressure-fed  engines  , 


Total  tank  volumes  may  now  be  computed: 


Usable  Propellant,  W 

o 


X 


lb 

m 


Isp 


lb 

m 


Vaporized  and  Trapped  Propellant  (Unusable)  “  and  (given), 
Tot.l  Tank  V.l*,  Vo  -  (»o  +  «r„)/l’r  (1  -  \c)  ■ 

Vf  ‘  (»£  + 

Tank  sizes  may  require  minor  adjustments  to  account  for  pressurant 
liquid  storage  and  condensables.  Following  the  sizing  of  propel¬ 
lant  tanks,  the  selection  of  tank  material  and  wall  thickness  must 
be  made.  Generally,  stress  considerations  based  on  launch  or  in¬ 
flight  loads  predominate,  although  for  the  MTI  systems,  the  addi¬ 
tional  wall  heating  from  the  hot  gas  pressurant  must  be  considered 
for  the  established  operating  tank  pressure.  Tank  shape  and  tank 
thermal  capacity  will  then  be  reasonably  identified  for  the  deter¬ 
mination  of  pertinent  Mil  pressurization  system  performance  param¬ 
eters  . 


3.  System  Operating  Temperatures 

Reagent  consumption  is  primarily  a  function  of  the  molecular 
weight  and  equilibrium  temperature  of  the  gas,  the  wall  thermal 
capacity,  and  injection  dynamics,  Other  less  critical  functions 
ere  burning  time,  external  environment,  and  tank  pressure  volume. 
It  is  evident  that  these  factors  are  interdependent  and  must  be 
evaulated  concurrently;  however,  an  approximation  of  the  ullage 
gas  temperature  may  be  made  from  an  inspection  of  the  heat  capac¬ 
ity  of  the  system. 
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The  design  method  is  essentially  a  solution  of  the  general 
energy  Eq  [ 3 J  applied  to  the  ullage  gas.  Because  of  the  time- 
varying  nature  of  the  gas  conditions  during  the  expulsion  proc¬ 
ess,  weighted  average  value  properties  are  substituted  and  the 
equation  solved  on  a  steady-state  basis. 

The  general  energy  equation  applied  to  the  ullage  gas  for  a 
single  tank  injection  is: 


Ur  -  u  -’■AH  +  AH  -  |  PDV  -  Vq  -  AH  [3] 

f  r  gas  v  J  b 

1 

The  term  AH,  is  the  enthalpy  of  gas  bled  from  the  main  tank  (com- 
b 

mon  ullage  pressurization) .  The  term  AH  is  the  total  enthalpy 

of  the  generated  gas  products  excluding  the  enthalpy  of  condensa¬ 
bles.  Consequently,  V*Q,  the  total  heat  exchange,  includes  only 
the  convective  and  radiative  heat  exchange  to  the  walls  and  pro¬ 
pellant.  Such  heat  exchange  is  also  determined  independently  from 
the  standard  heat  transfer  relationship,  i.e., 

£Q  -  hAATUqAX  +  hAATwaUAT  [4] 

The  value  for  f°r  Eq  14]  is  then  substituted  into  Eq  [3],  which 

may  now  be  solved  for  the  final  equilibrium  gas  temperature.  Di¬ 
rect  solution  of  Eq  [3]  is  accomplished  by  trial  and  error.  A 
final  gas  temperature  is  repeatedly  selected,  until  the  identity 
is  obtained.  Generally  three  trials  are  required  to  obtain  a 
reasonable  agreement. 

To  aid  in  the  solution,  only  the  convective  heat  transferred 
to  the  wall  in  Eq  [4]  need  be  calculated.  This  is  related  to  to¬ 
tal  convective  heat  by  means  of  the  empirical  ratio,  (Qconv  Hq)/ 

Q  =  C, ,  and  Q  »  AQ  ,,\/Al  -  C,).  The  term  C,  ,  an 

sconv  1  ^conv  \  conv  wall.// V  1/  1’ 

empirical  constant,  is  primarily  a  function  of  the  injection  dy¬ 
namics,  tank  configuration,  and  ullage  temperature. 

In  addition,  a  predominate  influencing  factor  for  is  the 

combustion  reaction  process.  For  example,  for  the  fuel  tank  re¬ 
action,  the  value  is  approximately  0.87,  but  for  the  oxidizer 
tank  the  value  decreases  to  0.37. 
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The  simultaneous  solution  of  Eq  [3]  and  [4]  with  the  modifi¬ 
cation  noted  above  results  in  the  Eq  [5],  for  a  zero  bleed  appli¬ 
cation. 


Certain  constants  for  any  given  application  are  noted.  These 
are  identified  in  the  section  that  follows: 


C  t  -  t  */3 
-9-  ■  s  w 

T 

g 


C,t  , 

-  s  sL 


gf 


+  c6  ‘  c4  +  cio  cir 


[5] 


In  addition,  equations  defining  the  overage  gas  and  wall  tem¬ 
peratures  are  required.  To  simplify  the  problem,  it  is  assumed 
that  the  wall  temperature  history  iB  linear  and  the  entire  gas- 
exposed  wall  surface  is  at  equilibrium  temperature.  The  wall 
temperature  rise  becomes 


*■  ■>„(*.  -  r,)  +  aw... 

“tw  144  C  p  t 

p  m 


[6] 


and  the  mean  wall  temperature  is 


tw  a 


ext 


DCQ/A) 

2tWi  +  C2  hg  Tg  +  144  CpPmt 

r+  C2  hg 


[7] 


When  the  influence  of  wall  temperature  from  aerodynamic  or  space 
heating  or  both  is  negligible,  (Q/A)  is  virtually  zero  and 
Eq  [6]  and  17]  reduce  to:  i"x‘ 

At  ■  C  h  (7  -  T  N,  [8] 

w  2  gV.  g  u' 

2  tw.  +  C„  h  "E 

"  - 2-tc' 191 

2  g 

The  mean  gas  temperature  is 

1101 
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where  r)  is  based  on  the  actual  variation  of  gas  temperature  with 
time.  Typical  test  traces  show  that  r|  r*  0.667.  The  wall  heat 
transfer  coefficient,  h^,  is  expressed  by  conventional  free  con¬ 
vection  heat  transfer  modulii,  which  reduce  to: 


where 


h  -c  <V-T»> 

8  8  (Tg) 


1/3 


C8  =  f 


^,.2  MW2  Cp  a  k2j 


1/3 


[11] 


4.  Gas  Properties 

Chemical  analysis  of  the  test  gaB  samples  indicate  the  fol¬ 
lowing  properties  of  the  MTI  combustion  gas: 

1)  Molecular  Height.  The  molecular  weight  of  resultant 
MTI  combustion  gas  products  are  shown  in  Fig.  V-ll. 
These  were  obtained  either  from  surface  solid  stream 
injection  for  single-tank  pressurization  or  subsur¬ 
face  gas  impingement  in  the  oxidizer  tank  for  common 
ullage  pressurization. 

2)  Thermodynamic  Properties.  Gas  properties  such  as  spe¬ 
cific  heat,  thermal  conductivity,  and  viscosity  are 
given  in  the  following  tabulation.  These  properties 
represent  combustion  gas  mixtures  diluted  with  57. 
initial  ullage  prepreBSurlzation  helium  and  vaporized 
oxidizer  in  the  oxidizer  tank.  Slight  modification 
should  be  made  when  prepressurizing  with  nitrogen. 


C 

P 

(Btu/lb  °R) 

k 

(Btu/sec  °R 
ft) 

P 

(lb/ft  sec) 

MW 

«a  36  psia) 

Fuel  Tank  Injection 

0.56 

X 

*— * 
o 

1 

1.14  x  10'5 

15.2 

Oxidizer  Tank  Injection 

0.85 

1.648  x  10~5 

1.11  x  10'5 

41.0 
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on 


Propellant  Tank  Pressure  (psia) 

Fig.  V-ll  Combustion  Product  Molecular  Weight  for  MTX  Pressurization  Systems 
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3)  Vaporized  Propellant.  The  amount  of  vaporized  propel¬ 
lant  in  the  fuel  tank  is  virtually  zero  and  normally 
can  be  neglected.  However,  the  fraction  of  vaporized 
oxidizer  must  always  be  considered.  The  mechanism  of 
propellant  vaporization  in  conjunction  with  the  MTI 
reaction  is  not  fully  known.  The  best  quantitative 
data  available  are  the  rcsulLs  from  spectrographic 
examination  of  gas  samples  immediately  following  the 
tests.  These  show  that  tank  pressure  has  a  remarkable 
influence  on  propellant  vapor  mole  fraction,  exceed¬ 
ing,  bulk  liquid-saturated  conditions.  Figure  V-12 
presents  these  results.  The  influence  of  expulsion 
time  between  100  to  200  sec  was  not  pronounced.  Ex¬ 
pulsion  times  greater  or  less  than  this  range  were 
not  examined.  The  thermodynamic  properties  of  the 
vaporized  oxidizer  are  shown  in  Fig.  V-13. 
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5.  Reagent  Consumption 

The  determination  of  the  amount  of  reagent  required  depends 
on  the  precise  knowledge  of  the  reaction  process  mixture  ratio 
experienced  and  the  amount  of  condensables  formed,  The  equation 
expressing  this  is: 


W  (1  +  X) 

Total  products  =  *  ~ - - -  ■  (1  +  X)  .  [12] 

Before  Eq  [12]  can  be  solved,  the  amount  of  condensables  in  the 
propellant  must  be  evaluated.  For  direct  Injection,  MTI  processes, 
steam  is  virtually  the  major  condensable.  The  maximum  quantity  of 
steam  formed  is  limited  by  the  quantity  of  oxygen  present  in  the 
fuel  tank  or  hydrogen  in  the  oxidizer  tank.  Thus  the  amount  of 
steam  generated  can  be  described  as  some  function  of  the  injected 
reagent.  Postfiring  examination  of  the  bulk  propellant  revealed 
certain  changes  in  moisture  concentration  resulting  in  the  follow¬ 
ing  estimates  of  condensables.  These  are  empirical  values  and 
probably  vary  with  changes  in  tank  configuration  and  injection 
dynamics . 


Lb  H-0 

Wc  "  0<n  “07  <reB8ent)» 
m  2  4 

Lb  H20 

Wc  "  1,09  Lb  50/50  UDMH  -  N_H  (rea8ent)  . 
m  /  i  4 

Substituting  these  values  in  Eq  [12]  and  solving  for  the  weight 
of  reagent, 


o  X  +  1 


-  0.71 


f  (X  +  1)  -  1.09  X  -  0.09' 


[13] 


[14] 


Gas  weight  (exclusively  combustion  products)  is  expressed  by  the 
equation  of  state 


W 


g 


P  V, 


(MH)cp  (MF) 
10.72  Tf 


[15] 
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The  reaction  process  mixture  ratio  is  relatively  constant  for  the 
fixed  injection  dynamics  employed  and  is  given  below  for  the  Phase 
X  tests. 


Oxidizer  tank  injection  ^ —  ’■£  £ 

Fuel  tank  injection  0.55  -  0.65 


6.  Injector  Dynamics 

Surface  solid  stream  injection  has  been  found  satisfactory 
and  is,  therefore,  recommended  for  the  single-tank  MIX  process. 
Subsurface  gas  impingement  tests  for  common  ullage  tank  prersur- 
ization  of  the  oxidizer  tank  is  noted  although  additional  devel¬ 
opment  effort  is  required. 

The  metering  orifices  for  these  injection  systems  may  be  either 
sharp-edged  or  straight -tuba  design.  Orifice  pressure  drops  for 
the  sharp-edge  configuration  should  be  between  75  and  100  psi  for 
the  propellants  and  total  pressures  examined.  At  pressure  drops 
above  this  range,  the  solid  stream  tends  to  break  down,  resulting 
ultimately  in  excessive  wall  temperatures.  Discharge  coefficients 
of  0.6  to  0.7  are  recommended.  For  the  straight  tube  orifice, 
injection  patterns  are  satisfactory  up  to  200  psi  differential 
pressure,  though  a  small  reduction  in  discharge  coefficient  is 
Indicated.  The  design  of  the  injection  system  should  minimize 
the  propellant  volume  between  the  injector  seat  (where  shutoff 
is  accomplished)  and  the  orifice  to  avoid  the  possibility  of  tran¬ 
sient  tank  overpressures.  This  problem  is  related  to  system  re¬ 
sponse.  The  tank  pressure  control  system  may  be  of  the  constant 
flow  (full-on),  variable  flow  (modulating),  or  pulse  mode  (on- 
off)  type.  Constant  flow  is  generally  not  recommended  for  systems 
of  variable  gas  demand,  since  precise  tank  pressure  control  can 
be  accomplished  only  by  tank  venting.  Variable  flow  control  is 
possible,  but  is  seldom  used  because  of  the  development  difficul¬ 
ties  inherent  in  the  modulating  mechanism.  Pulse  mode  systems 
being  relatively  easy  to  develop  are  therefore  selected  whenever 
the  resultant  tank  pressure  fluctuations  are  acceptable.  In  ad¬ 
dition,  they  are  particularly  desirable  for  low  pressurant  demand 
rate  systems.  This  is  because  orifice  diameters  are  correspond¬ 
ingly  larger  than  for  the  other  system  control  methods,  and  larger 
orifices  are  less  sensitive  to  contamination  and  partial  blockage, 
thus  eliminating  undesirable  spray  patterns.  Because  of  the  larger 
orifice  used,  the  response  characteristics  of  the  pulse-mode  con¬ 
trol  systems  tend  to  be  more  critical  than  for  the  other  control 
methods.  Consequently,  the  sizing  of  the  pulse-mode  orifice  is 
more  dependent  on  the  response  of  the  control  system.  Orifice 
design  proceeds  as  follows  for  a  single  tank  injection  system. 
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The  equation  of  state  applied  to  the  ullage  gas  mixture  in 
the  fuel  tank  is 


Differentiating  with  respect  to  time  and  noting  that  (VI)  ^nert  “ 

0,  the  pressure  rate  change  during  the  "on"  position  can  be  ex¬ 
pressed  as 


( 10 . 72)W 
MW  V 


(T  - 


T  V 
V 


10 


inert 


MW 


TW  +  WT  - 


TW 

V 


*) 


[17] 


cp 


Subsitiuting  (W)  =  0  in  Eq  [17],  the  expression  for  tank  pres- 

cp 

sure  decay  rate  during  the  off  position  is  also  obtained. 


For  constant  thrust  engines, 


V 


[18] 


The  term  (P)  varies  depending  on  the  instantaneous  values  of  mass, 
temperature,  and  ullage  volume.  The  largest  single  influence  is 
ullage  volume.  Consequently,  (£)  is  most  critical  Initially  when 
ullage  yolume  is  smallest.  Before  solving  Eq  [17],  values  of  W, 

T,  and  T  must  be  known.  For  this  calculation,  it  is  sufficiently 
accurate  to  estimate  these  values  at  minimum  ullage.  Certainly 
test  data  should  be  relied  on  if  at  all  possible  when  establishing 
these  assumptions.  On  this  basis,  Eq  [17]  reduces  to  an  expres¬ 
sion  for  (W)  in  terms  of  (P) ,  the  allowable  tank  pressure  vari¬ 
ation  rate: 


(W) 


cp 


10.72  W/- 

TV\ 

-  10-72/v 

(MW)  V  y 

V  /inert 

MW  V  { 

10,72  T 

(MW)  V 
cp 


TW 

V 


119] 


Let  AP  be  the  maximum  allowable  tank  pressure  variation  above 

the  nominal  setting  (psi).  Then  (P)  ■  whete  M  is 

the  total  system  response  time  in  seconds.  This  expression  is 
substituted  in  Eq  [19],  which  can  now  be  solved  for  (ft)  . 
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The  reagent  flow  rate  ^0^  *s  then  obtained  from  Eq  [13], 

employing  suitable  values  for  X,  the  process  mixture  ratio  (0.55 
to  0 . 65) . 


W 


o 


(W) 

X  +  1 

x 


££ _ . 

-  0.71 


[20] 


The  orifice  size  is  obtained  from  the  incompressible  flow  equation 
144  W  144  W  , 

f'trv^K7(ln-  ■ 


(A), 


vp, 


[21] 


employing  suitable  values  for  orifice  pressure  drop  AF  and  dis¬ 
charge  coefficient  C^.  0 

A  similar  procedure  is  valid  for  the  oxidizer  system  except 
that  Eq  [16]  and  the  subsequent  equations  are  modified  to  account 
for  propellant  vaporization.  This  must  be  estimated  before  the 
solution  and  later  confirmed.  In  addition,  Eq  [20]  is  replaced 

by 

CM) 

w  _  - ,_9P.  — 

£  X  -  0.09’ 


where 


X  -  2  -  2.5. 

7.  Determination  of  Constants 

The  constants  discussed  in  the  following  paragraphs  are  useful 
for  solving  Eq  [5], 

Is  the  ratio  of  the  convective  heat  transfer  to  the  propel¬ 
lant  to  the  total  convective  gas  heat  transfer,  i.e., 


C 


1 
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This  constant,  being  a  function  of  the  injection  dynamics  and  tank 
configuration,  must  be  emperically  determined.  Estimated  values 
from  the  Phase  I  tests  are: 

C, 

Oxidizer  tank  injection 


0.37 


Fuel  tank  injection 
.he  measure 

and  the  exposure  time. 


0.87 


Cj,  is  the  measure  of  the  thermal  capacity  of  the  tank  walls 


At 


J2  tp  C  /144  /  c  2  0  * 

m  pm/  Btu/sec  ft  V 


Figure  V-14  presents  thiB  parameter  as  a  function  of  the  den¬ 
sity  specific  heat  characteristics  of  typical  wall  materials. 

C3  is  the  measure  of  the  total  enthalpy  of  the  generated  gas 
products . 

P  V.  C  t  (MW)  (MF) 

o - L_ g..-c _ cp.  CP 


3  10.72 

Oxidizer  tank  injection 
Fuel  tank  injection 


C  t  10.72 
P  c 

115 

143.5 


is  the  measure  of  the  work  being  done  on  the  liquid.  For 
constant  pressure  systems. 

-  0.185  P(Vf  -  (Btu) . 

Cj  is  the  measure  of  the  final  internal  energy  of  the  ullage 


gas. 


C5" 


P  Vc  (MW)  ,  C  , 
f  mix  vf 

10.72 
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Typical  values  of  for  gas  mixtures  prepressurized  with  helium 
(5%  initial  ullage)  are: 

C  f  Etu/lb  °R 

Oxidizer  tank  1.2 

Fuel  tank  0.34 

Cg  is  the  measure  of  the  initial  internal  energy  of  the  pre¬ 
pressurizing  gea. 


P  Vi  Cvf  c,j  (»i) 


10.72  t 


aP  v. 


gi 


Values  of  a  as  a  function  of  the  more  common  prepressurants  are 
shown  in  Fig.  V-15. 

C?  aids  in  computing  wall  heat  transfer: 

o  (sec-  ft2). 

Cg  is  a  measure  of  the  wall  heating  rate: 

Cft  *>  0.394  1  x6  x  6  x  |  l  .  . 

8  p  mv  cp  (j.  k 

Values  of  J  are  shown  in  Fig.  V-16  as  a  function  of  the  applicable 
gas  property. 

Cg  is  s  measure  of  the  total  heat  exchange  from  the  ullage: 

„  _  C7  C8 


' 9  1  -  Cl* 


Cjq  and  measure  the  enthalpy  of  vaproized  propellant. 

C1Q  is  the  amount  vaporized,  is  the  enthalpy  release,  which 

for  propellant,  is  181,6  B/lb  vaporizing  at  70°F. 

For  the  fuel  tank,  this  product  is  essentially  zero.  For  the 
oxidizer  tank  vaporized  propellant  can  be  computed  by  means  of 
Fig.  V-12, 
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Fig.  V-15 


_1 _ I _ I _ I _ I _ L  ..  _ 

70  80  90  100  110 

Initial  Temperature  (#F) 

Ltial  Internal  Energy  of  Prepressurantp 
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8.  Method  of  Solution 

1)  Assume  the  final  ullage  gas  temperature, 

2)  Compute  t  (Eq.  [10]); 

3)  Compute  constants  C^  through  C^j 

4)  Assume  h^  (0.001  initially); 

5)  Solve  for  tw  (Eq  [/]  or  [0]); 


6)  Check  value  of  from  Eq  [11]; 

7)  Substitute  th. '  value  for  h  into  Step  5  (convergence 

is  rapid) ;  g 

8)  Solve  Eq  [5) ; 

9)  When  the  identity  holds,  the  assumption  of  t  is  con¬ 
firmed;  otherwise  repeat;  ®f 

10)  Compute  wall  temperature  rise  (Eq  [6]  or  [ 8 ] ) ; 

11)  Compute  the  gaseous  combustion  product  weight  by  Eq 
U5]; 


12)  Solve  for  reagent  consumption  by  means  of  Eq  [13]  or 
[14].  Use  proper  values  for  A; 


13)  Compute  vaporized  propellant  for  the  oxidizer  tank 
by  Eq  [15],  modified  by  the  MW  and  MF  of  the  propel¬ 
lant  vapor. 


Sample  calculations  demonstrating  the  design  methods  are  pre¬ 
sented.  For  illustrative  purposes,  the  Phase  X  tests  are  examined 
Consequently,  test  measurements  will  be  used  to  confirm  the  valid¬ 
ity  of  the  design  procedure.  It  cannot  be  overemphasized  that 
certain  empirically  determined  factors,  such  as  C^  and  the  amount 

of  condensable,  and  even  the  gas  properties  may  change  for  dif¬ 
ferent  configurations, 
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9.  Sample  Calculations 

MTI  Pressurization  of  Fuel  Tank:  N2°4  int0  50 UDMH-N^H^ 
Given: 

Initial  volume  -  0.267  cu  ft 

Final  volume  -  4.91  cu  ft 

lank  Pressure  -  36  psia 

Initial  gas  and  wall  temperature  -  550  °R 

Expulsion  time  -  140  sec 

Average  wall  surface  exposed  to  gas  -  7.1  sq  ft 
Prepressurized  to  36  psia  with  helium 
Aluminum  alloy  tank  -  5/8-in.  wall 
Solution: 

Determination  of  constants: 

-  0.873.  For  aluminum,  pCp/144  ■  3.17  (Fig.  V-14) 

-  140  ,n  „ 

C2  “  (0.625)(3.17)  70-8 

C3  «  (143.5)  (36)(16)(0. 93X4.91)  ■»  377,000 

C4  -  (0.185) (36) (4.91  -  0.267)  »  30.9  Btu 

MW  .  =  (0.93)(16.1)  +  (0.07) (4)  -  15.18 

mix 

c  a  ?  -6K  4  •  ?  ]•  ?  t  °  • 3 .4M 1 1.  •  H  85.  Foc  helium,  a  -  0 

5  10 

(Fig.  V-15) 

C6  -  (0374)  (0.267)  (36)(|§)(|f|)  -  2.9 


374 
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C?  =  (7 .1) (140)  =  993 
From  Fig.  V-16  read 

Hi*-0-51*  icPa0-69*  ^k-1'02*  ^"°*99-  Ip"1 

C0  o  (0.394)  (0.51)  (0.69)  (1,02)  (0.99)  (1)  «  0.14 

O 


c 


9 


C 


10 


(993)  (0 . 14) 
1  -  0.873 

and  ■  0 


1095 


As  a  trial  assumption,  assume  the  final  gas  temperature,  t  - 
163#F.  From  Eq  [10],  using  q  -  0.667,  8f 


t 


8 


Assume  h 


8 


55  +  [0.667  (163  -  55)]  -  127 

.  0.001 


7  2(55)  +  (70. 8) (126. 8)  (0.001) 

'w  "  2  +  (0.001)(70.8) 


57.5°F 


Verifying  hg  by  Eq  [11], 

h  -  <°-u?<I2*:V  5'7^~  -  o-ooi 

g  500.8 

Substitute  into  Eq  [5], 

(1095) (126.8  -  57.5)4/3  M  377.000  -  85(163)  +  2  9  _  30  9 
586.8  623 


533  «  541.8 


This  is  a  reasonable  agreement  and  no  further  trials  are  necessary. 
From  Eq  [8]: 

Wall  temperature  rise,  At  ■  (70 .8) (0.001) (126.8  -  57.5) 

-  4.9*F 
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Combustion  gas  weight 


(36H4.91)  (16X0,93) 
(10.72) (623) 

(Eq  [13]) 


0.394  lb 

m 


Reagent  consumption,  Wq  =>  —  555”’^  ~  0  0.188  lb^  (Eq  [11]) 

07555  '  0,71 


Sample  Calculations 

Mil  Pressurization  of  Oxidizer  Tank:  50/50  into 

N2°4 

Given: 

Initial  volume  -  0.267  cu  ft 
Final  volume  -  4.91  cu  ft 
Tank  pressure  *  35  psia 
Initial  gas  temperature  -  51 °F 
Initial  wall  temperature  -  60 °F 
Expulsion  time  -  204  sec 

Average  wall  surface  exposed  to  gas  -  7.1  sq  ft 
Prepressurized  to  40  psia  with  helium 
Aluminum  alloy  tank  -  5/8-in.  wall 
Solution: 

Determination  of  constants 
C;  »  0.37 

„  At  _  204 _  ln, 

C2  "  (t)(Pm)Cp  ^144  (0.625)(3.17) 

C3  -  115  P  Vf  MWcp  MFc? 
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From  Fig.  V-ll  read:  MW  ■  29.1;  due  to  dissociation 

CP  (MW) v  -  55 

From  Fig.  V-12  read:  MF  =  0.52 

v 

MF  **  1  -  0.52  -  MF.  =  0.437 
cp  inert 

C3  =  (115)  (35)  (4.91)(29.1)(0.437)  »  251,000 

C4  =  0.185  P  (Vf  -  Vp  °  0 .185(35)  (4.91  -  0.267)  =  30.2 

P  V  Cv.MW  , 

-  _ f  mix 

5  “  10.72 

MW  ,  =  E(MW)  (MF)  -  (0.52)(55)  +  (0.437)  (29.1)  +  4(0.043) 

mix 

=  41.1 

^5  10.72 

C6  ”  al?i  Vi  For  ^e^lum  and  N02  vaPor>  a  '  (Fig*  V-15) 
C6  *>  (0 .305)  (40)  (0 .267)  -  3.26 

C,  -  AT  A  =  (204) (7.1)  =  1450 

'  8 

C  ■=  0.394E  •  E  .  t  •  f  •  E 

8  5p  5cp  V  6k  EMW 

Since  |  -  |  «  |  **  “  1 

p  cp  p  K  MW 

C„  -  0.394 
© 

c  -  Ci-Cg-  -  W50X0,3.9fr)  _  907 

S  1  -  Cx  (1  -  0.37) 

As  a  trial  assumption,  assume  the  final  gas  temperature  is  153 °F 
(test  measured). 

Substituting  into  Eq  [10],  we  obtain 


t  -  51  +  [0.667(153  -  51)1  -  118. 3°F 
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2 

Assume  h  =  0.00254  Btu/sec  ft  °R 
S 

Substitute  into  Eq  [9] 

-  2(60)  ±  (103)  (118. 3)  (0,0025.4).  _  ,,  g.g 

fcw  2  +  (103) (0.00254) 

Check  h  from  Eq  (11] 
g 


h 

5 


0.394 


(118.3  -  66.8)1/3 
(118.3  +  460) 


0.00254 


Before  solving  Eq  [5],  the  parameters  C1Q  and  C^,  the  total 
enthalpy  of  the  vaporised  propellant  must  be  determined. 

Assuming  vaporization  at  70°F,  Ahv  »  181.6  Btu/lb^, 

W  ■»  W  -  W 
vap  vap£  vap£ 


Based  on  60#F  bulk  temperature,  and  saturated  initial  con¬ 
ditions. 


(11.4)(0.267)  /  92  \ 

(10.72)(511)  \1  +  0.152/ 


0.0442  lb 

m 


where 


a  »  0.152  dissociation  degree 


,  .  (35)  (4. 91) ... 

"vap£  (10.72)  (613) 


f _ 22 _ \ 

\1  +  0.595/ 


(0.52) 


-  0.784  lb 


W  -  0.784  -  0.0442  -  0.74  lb 
vap  m 

C10  C11  “  (181 .6)  (0.74)  ■  134.6  Btu. 

the  reagent  flow  rate  from  Eq  [20],  using  X  -  0.555,  becomes: 
0.00648 


W 


0.555  +  1 
0.555 


0.00595  lb  /sec. 


-  0.71 


/' 
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Employ  a  sharp-edged  orifice,  «  0*70,  and  a  maximum  AP  “  75  psi. 


2gc  144 _f.  .  V  ^2) <32 .2? (144)1751  „  87>4  fp8< 

Orifice  diameter  is  obtained  from  the  continuity  equation; 


D 


0.00595  (144) 
(0 . 70) (87 .4) (90 .5) 


0.014  in. 


With  the  injector  off  during  propellant  outflow  the  tank  under¬ 
pressure  condition  can  also  be  determined  from  Eq  [19]  ,  setting 
d  =0  During  the  initial  conditions,  Eq  [19]  reduces  to 
cp 


AJP  10.72  W  (.  Tv\ 

ATr“  MWV  \'V/Inert 


-4.27  psi/sec. 


Allowing  0.02-sec  lag  for  system  filling  the  total  response 
becomes  0.12  +  0.02  »  0.14  sec,  and  the  maximum  system  underpres¬ 
sure  becomes 


AP  -  -  (0.14)  [4.27]  -  0.6  psi. 

Substituting  known  values  into  Eq  [5], 

(907)  <118.3  -  66-3)1/3  .  251,000  -J792?  (1.53j.  +  3  26  . 

-  30.2  +  134.6. 

301  <=3  319.6. 

This  is  a  reasonable  agreement  and  no  additional  refinement  is 
necessary. 

Wall  temperature  rise  is  calculated  from  Eq  [8] : 

t  -  (103)  (0 .00  254)  (118.3  -  66.8)  -  13.47°F. 
w 

Combustion  gas  weight  from  Eq  [13]  is 

„  (35)  (4. 91?  (0.437)129.1),  .  333  lb  , 

Wcg  10.72  (613)  m* 
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Reagent  consumption  is  determined  from  Eq  112].  Use  A  ■  2.34. 
W,  =  0.333/(2.34  -  0.09)  =  0.148  lb  . 

■F  m 


Semple  Calculations 

Pulse  Mode  Injection  System 

The  design  of  a  pulse  mode  orifice-type  Mri  pressurization 
control  system  is  presented  for  the  50-50  UDMH/iyh  propellant 

tank.  The  task  is  to  size  the  fixed  orifice  for  a  maximum  tank 
pressure  variation  of  +1  psi,  with  an  estimated  system  response 
time  of  120  msec. 


Given : 

Initial  volume  -  0.267  cu  ft 


Final  volume  -  4.91  cu  ft 


Expulsion  time  -  140  sec 
Normal  tank  pressure  -  36  psia 
Initial  gas  temperature  -  55°F 
Final  gas  temperature  -  163°F 
Initial  pressurization  -  helium 
Mol.  weight  combustion  products  -  16 
Total  response  time  -  0.12  sec 
Maximum  tank  pressure  variation  -  +1  psi 
From  Eq  119] »  the  flow  rate  of  pressurant  can  be  calculated: 


CS  10,72  W 

At  "  MW  V 

r  _____ 


¥) 


Inert 


10.72 
(MW)  V 


Wr 


10.72  T 
V  (MW) 


cp 


H9] 
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The  most  critical  condition  is  during  the  initial  outflow  when 
ullage  volume  is  minimum.  During  this  condition,  Eq  [19]  simpli¬ 
fies  to: 


(W) 


cp 


AP 

At 


10.72 


MW 


**(*-?) 


inert 


10,72  T 
V  (MW) 


cp 


V  -  V 

_i _ _f  A  .91  -  0.267 

At  “  1  AO 


0.0332 


see 1 


T  is  estimated  at  3°F/sec 


w  „  (36)  (0.267)  (4) 

inert  (10. 72) (515) 


0.00696  lb  . 

m 


Substitution  into  the  above  equation, 


(W) 


cp 


1  (10.72)  70.00696)  L  515  (0.0332) 

0.12  '  (4) (0.267)  \  "  0.267 

(10 .72) (515) 

(0 .267)  (16) 


6.34  +  4.27 
1293 


0.00975  lb 

m 


Another  factor  in  system  response  that  is  difficult  to  evalu¬ 
ate  directly  is  the  effect  following  injection  shutdown  of  unre¬ 
acted  reagent  that  continues  to  flow  for  a  few  moments  and 
pressurizes  the  tanks.  This  condition,  determined  from  the  stream 
diameter  and  distance  from  injector  to  propellant  surface,  is 
usually  unimportant.  Fair  correlation  with  test  results  have 
been  obtained  by  assuming  an  equivalence  of  two-thirds  of  the 
generated  gas  flow.  On  this  basis,  the  maximum  allowable  gener¬ 
ated  gas  flow  reduces  to: 

Wcp  =  (0.00975) (2/3)  =  0.00648  lb^/sec. 
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C.  APPLICATION  STUD* 


The  high-density  pressurant  storage  of  the  MTI  pressurization 
system  and  low-density  pressurizing  gas  obtained  without  a  heat 
exchanger  have  required  a  re-evaluation  of  present  pressurization 
concepts  of  specific  vehicles  to  obtain  relative  cost,  weight, 
reliability,  and  performance  information.  Consequently,  a  study 
has  been  performed  of  the  Titan  II  autogeneous  pressurization 
system  (using  vaporized  and  partially  dissociated  nitrogen  te- 
troxide  for  oxidizer  tank  pressurization,  molecular  weight  of 
approximately  75,  and  gas  generator  combustion  products,  molec¬ 
ular  weight  of  approximately  16,  for  fuel  tank)  and  the  Titan  III 
transtage  unheated  helium  system.  Preliminary  design  concepts 
have  been  created  to  establish  possible  pressurization  system 
configurations.  Although  a  slight  reduction  in  the  Titan  II  mis¬ 
sile  weight  can  be  realized  by  a  change  in  the  pressurization 
system,  the  slight  performance  increase  does  not  justify  the 
additional  time  and  money  expenditures.  However,  for  a  future 
booster,  an  additional  gain  could  be  realized  by  more  efficient 
tankage  and  propulsion  system  design.  Due  to  possible  250-lb 
weight  saving  on  the  Titan  III  transtage  with  the  Mill  pressuriza¬ 
tion  system,  further  effort  would  be  warranted  for  this  applica¬ 
tion. 

1.  Titan  II 


Titan  II  is  a  two-stage  vehicle  employing  a  twin  engine 
430,000-lb  thrust  booster  and  100,000-lb  thrust  sustainer.  The 
Stage  I  engine  operates  for  approximately  149  sec,  at  which  time 
the  engine  is  shut  down  by  either  an  oxidizer  incipient  exhaus¬ 
tion  signal  or  fuel  tank  low-level  sensor,  whichever  occurs  first. 
The  Stage  II  engine  is  started  at  altitude  during  Stage  I  engine 
shutdown,  maintaining  a  positive  acceleration  during  staging. 
Propulsion  of  the  Stage  II  vehicle  is  also  continuous,  lasting 
approximately  180  sec;  the  guidance  system  initiates  shutdown 
before  propellant  depletion.  Total  nominal  propellant  outage  is 
0.227.  for  Stage  I  and  0.257.  for  Stage  II  based  on  the  total  usable 
propellant  load.  This  outage  is  unburned  fuel  707.  of  the  time  as 
determined  by  a  probability  analysis. 

Propellants  are  supplied  from  tanks  mounted  concentrically, 
one  above  the  other,  with  the  oxidizer  tank  in  the  forward  posi¬ 
tion  in  each  stage.  Consequently,  an  oxidizer  feedline  runs 
through  each  of  the  fuel  tanks  to  the  engines.  The  Btorable 
propellants  used  are  identical  to  the  MTI  test  fluids;  nitrogen 
tetroxide  as  the  oxidizer  and  a  50/50  blend  of  hydrazine  and 
unsymmetrical  dlmethylhydrazlne  as  the  fuel. 
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All  propellant  tanks  are  of  aluminum  construction,  10  ft  in 
diameter,  containing  slosh  and  antivortex  baffles.  Pertinent 
design  data  are  tabulated  below: 


Stage  I 

Stage  II 

Fuel 

Oxidizer 

Fuel 

Oxidizer 

Tank  Volume  (cu  ft) 

1626.5 

1920.2 

401.7 

Usable  Propellant  (lb) 

246 

,846 

57, 

Nominal  Flow  Rate  (lb/ 
sec)' 

567 

1094 

113.3 

204.3 

NPSH  (ft) 

43 

44 

30 

The  pressurization  system  is  autogenous  or  self-generating 
in  nature.  The  Stage  X  and  Stage  IX  fuel  tankB  are  pressurized 
using  gas-generator-produced  gas  bled  from  the  turbine  inlet 
manifold  as  the  pressurant.  The  hot  (1650°F)  gas  is  cooled  to 
220°F  in  a  heat  exchanger  using  liquid  fuel  as  the  heat  sink. 

The  gas  then  passes  through  an  orifice  that  is  the  flow-controlling 
device  of  the  system,  a  high-pressure  burst  diBc,  the  airborne 
autogenous  lines,  and  a  low-pressure  burst  disc,  and  then  enters 
the  propellant  tank  through  a  diffuser.  The  Stage  I  oxidizer 
tank  is  pressurized  with  gaseous  nitrogen  tetroxide.  Liquid 
nitrogen  tetroxide  is  bled  from  the  propellant  line  below  the 
pump.  The  liquid  passes  through  a  cavitating  venturi  that  is 
the  flow  control  of  the  system,  a  high-pressure  burst  disc,  and 
a  heat  exchanger  using  turbine  exhaust  gas  as  the  heat  source. 

In  the  heat  exchanger,  the  liquid  is  both  vaporized  and  dissoci¬ 
ated  in  being  heated  to  about  350'F.  The  gas  then  passes  through 
a  back-pressure  orifice,  the  airborne  autogenous  lines,  a  low- 
pressure  burst  disc,  and  enters  the  propellant  tank  through  a 
diffuser.  The  Stage  II  oxidizer  tank  has  no  pressurization  sys¬ 
tem.  The  initial  charge  of  nitrogen  plus  vehicle  acceleration 
and  propellant  vaporization  satisfy  the  NPSH  and  structural  re¬ 
quirements  without  augmentation. 

The  Stage  I  and  Stage  II  autogenous  pressurization  systems 
are  shown  schematically  in  Fig.  V-17  and  V-18,  respectively.  The 
low-pressure  burst  discs  near  the  top  of  the  Stage  I  and  Stage  II 
fuel  tanks  and  Stage  I  oxidizer  tanks  minimize  leakage  during 
long-term  storage.  The  high-pressure  burst  discs  eliminate  the 
possibility  of  solid  particles  from  the  start  cartridge  entering 
the  propellant  tanks  on  the  fuel  pressurization  system  and  giving 
a  good  start  transient  of  the  autogenous  system  on  the  oxidizer 
pressurization  system.  Titan  II  tank-top  pressure  requirements 
for  flight  are  shown  in  Fig.  V-19  thru  V-22. 
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Fig.  V*20  Flight  Tank  Pressure,  Stage  I  Oxidizer  Tank 


V-48 


RTD-TDR-63-U23 


Fig.  V-21  Flight  Tank  Pressure i  Stage  II  Fuel  Tank 
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A  detailed  study  of  the  Titan  XI  pressurization  requirements 
has  indicated  a  slight  increase  in  reliability.  A  weight  saving 
of  approximately  102  lb  can  be  achieved  by  employing  a  dual¬ 
reagent  injection  MTI  pressurization  system  in  Stage  I  and  37  lb 
by  a  direct  injection  system  in  the  Stage  IX  fuel  tank.  Since 
the  Stage  II  oxidizer  tank  has  no  airborne  pressurization  system, 
replacement  of  the  polytropic  pressurization  process  with  an  MTI 
process  was  not  considered  practical.  For  this  particular  appli¬ 
cation,  the  common  ullage  pressurization  of  the  oxidizer  tank 
,.u::  fuunu  lu  offet  no  significant  advantage  over  tne  auai-reagenc 
injection  system  and,  consequently,  is  not  recommended.  Perform¬ 
ance  of  the  dual-reagent  injection  system  is  compatible  with  the 
existing  structure  and  is  comparable  to  the  Phase  III  flightweight 
demonstration  system.  As  a  result  of  this  application  study,  the 
following  conclusions  have  been  established: 

1)  Continuous  flow  dual-reagent  Injection  is  the  lightest 
and  potentially  the  moBt  reliable  injection  technique 
due  to  its  simplicity  (System  D); 

2)  Separate  reagent  Btorage  1b  more  desirable  for  use  on 
an  existing  missile  than  turbopump-bleed  reagent 
supply,  since 

a)  A  modular-type  arrangement  is  easily  applied  to 
existing  missiles  with  a  minimum  of  rework  and 
eliminates  long  pressurization  lines  running  the 
length  of  the  missile, 

b)  The  decreasing  injector  flow  rate  can  be  tailored 
to  fit  the  decreasing  pressurizing  gas  demand  by 
adjusting  the  reagent  tank  ullage  volume, 

c)  It  requires  no  turbopump  modification  to  incor¬ 
porate  a  propellant  bleed,  either  in  the  housing 
or  at  the  outlet, 

d)  Separate  reagent  storage  near  the  forward  dome 
eliminates  the  effects  of  missile  acceleration 
on  reagent  supply  pressure; 

3)  Turbopump  bleed  reagent  supply,  when  used  with  a  con¬ 
tinuous  flow  injector,  is  the  most  reliable  and 
appears  to  be  the  best  system  for  an  operational  mis¬ 
sile  due  to  its  simplicity  and  minimum  of  servicing 
requirements . 
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Because  of  the  present  stage  of  Titan  XI  development,  this 
study  concentrated  on  system  improvement  techniques  involving 
a  minimum  amount  of  time  and  cost  in  the  change  over.  Based  on 
the  present  amount  of  development  of  a  flight  type  system,  the 
following  additional  effort  is  recommended  for  application  of 
an  MTI  pressurization  system  to  the  Titan  IX  missile: 

1)  Development  of  a  modular-type  direct  reagent  injec¬ 
tion  MIX  pieBourizatlcn  system  for  the  Stage  T 
Stage  II  fuel  tank  employing  a  continuous  flow  in¬ 
jector  with  separate  reagent  storage; 

2)  Installation  of  the  unit  developed  above  in  a  Titan 
II  missile  for  static  test  firings  with  the  existing 
fuel  tank  pressurization  system  capped  off  and  oxi¬ 
dizer  tank  system  left  intact; 

3)  Flight  demonstration  in  conjunction  with  remaining 
developmental  effort  or  launch  crew  training  of  the 
system  tested  in  Item  2; 

4)  Pending  successful  development  of  the  modular  system, 
develop  a  turbopump  bleed  continuous  flow  injection 
system  as  System  C  shown  in  Fig.  V-25; 

5)  Simultaneous  or  subsequent  development  and  flight 
testing  of  the  oxidizer  tank  direct-injection  pres¬ 
surization  system. 

Preliminary  Design  Schematics  -  The  systems  presented  are 
combinations  of  four  methods  of  pressurizing  the  fuel  tank  and 
five  methods  of  oxidizer  tank  pressurization  by  the  MTI  process. 
Four  of  the  systems  are  applicable  to  both  fuel  and  oxidizer  tank 
pressurization.  As  noted  previously,  the  Stage  II  oxidizer  has 
no  pressurization  system  and,  therefore,  will  not  be  included. 

The  systems  are  as  follows: 

System  A  -  Pulse  flow  injection,  turbopump  bleed,  used 
on  either  fuel  or  oxidizer  tank; 

System  B  -  Pulse  flow  injection,  separate  reagent  tank 
used  on  either  fuel  or  oxidizer  tank; 

System  C  -  Continuous  flow  injection,  turbopump  bleed 
used  on  either  fuel  or  oxidizer  tank; 
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System  D  -  Continuous  flow  injection,  separate  reagent 
tank  used  on  either  fuel  or  oxidizer  tank; 

System  E  -  Common  ullage  from  fuel  tank,  applicable  only 
on  oxidizer  tank  with  either  Systems  A  thru 
D  used  on  fuel  tank. 

System  A,  shown  in  Fig.  V-23  applied  to  Stage  I  propellant 
tanks,  uses  propellant  bled  from  the  turbopump,  injecting  it 
through  a  pulse -type  injector  subsystem.  Intermittent  reagent 
flow  is  controlled  by  a  pressure -switch-actuated  (normally 
closed)  injector.  When  tank  ullage  pressure  drops  to  the 
pressure-switch  set  point,  the  switch  signals  the  injector  to 
open,  initiating  reaction  in  the  tank  to  increase  pressure. 

When  pressure  reaches  an  upper  pressure  limit,  the  injector  is 
closed,  stopping  the  reaction.  Propellant  is  bled  from  a  point 
on  the  turbopump  where  pressure  is  approximately  265  psia,  through 
a  burst  disc  (required  for  long-term  ground  storage)  up  to  the 
injector  on  the  tank  dome.  Reagent  supply  is  maintained  by  the 
engine  turbopump  after  pressure  builds  up  during  Btart  and  rup¬ 
tures  the  burst  disc.  Propellant  is  bled  at  265  psig  from  the 
pump  housing  rather  than  at  1200  to  1400  psig  at  the  pump  outlet 
due  to  the  intermittent -type  injection.  Each  time  the  injector 
closed,  the  injector  supply  pressure  would  approach  1200  psi  if 
bled  from  the  pump  outlet  resulting  in  atomization  of  the  injec¬ 
tion  stream.  The  injector  supply  line  size  required  is  1/4-in. 
diameter  for  fuel  and  3/8-in,  diameter  for  oxidizer  tank  pres¬ 
surization.  The  injector  used  would  be  similar  in  size  to  a 
1/4-in.,  airborne-type  solenoid  valve  and  would  mount  on  the 
tank  dome  with  a  0.070-in.  diameter  solid-stream  nozzle  project¬ 
ing  into  the  tank.  Due  to  the  distance  from  turbopump  to  tank 
dome  and  the  acceleration  of  the  missile,  supply  pressure  to  the 
injector  will  decrease  during  flight  from  approximately  210  to 
90  Dsig  on  the  oxidizer  tank  and  from  approximately  210  to  105 
psig  on  the  fuel  tank.  As  the  supply  pressure  decreases,  the 
injector  will  stay  open  a  greater  percentage  of  each  cycle  to 
compensate  for  the  lower  flow  rate. 

This  same  configuration  can  also  be  used  on  the  Stage  IX  fuel 
tank.  A  1/4-tn.  supply  line  bleeding  oxidizer  from  the  oxidizer 
turbopump  housing  at  145  psig  would  supply  oxidizer  to  the  in¬ 
jector,  after  passing  through  a  burst  disc,  at  125  to  90  psig, 
depending  on  the  Stage  II  acceleration  rate. 
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System  B,  shown  in  Fig.  V-24,  applied  to  the  oxidizer  tank, 
is  the  same  as  System  A,  except  propellant  supply  to  the  in¬ 
jector  is  from  a  small  (12-in.  diameter)  storage  tank  mounted 
near  or  on  the  tank  dome.  The  small  tank  ia  pressurized  to  160 
psig  before  engine  start  and  allowed  to  decay  polytropically  to 
115  psig  during  the  engine  run,  resulting  in  an  injector  flow 
rate  reduction  of  13%.  The  reagent  storage  tank  is  desirable 

for  *r.in  rM.rnfl*  <  t*  pi  (ninnf-en  the  neCeSP'*  ty  nf  taDDine 

off  propellant  at  265  psig  from  the  turbopump  housing,  and 
(2)  it  avoids  the  injector  pressure  decrease  due  to  the  effects 
of  increasing  missile  acceleration.  Injection  is  initiated  by 
supplying  electrical  power  to  the  injector  pressure  switch  at 
engine  start.  When  tank  pressure  decays  due  to  outflow,  the 
injector  automatically  operates.  Injection  can  be  terminated 
by  the  same  propellant  low-level  signal  that  shuts  off  the  engine, 
a  separate  level  sensor,  or  merely  by  letting  it  stop  automati¬ 
cally  as  outflow  ceases. 

System  C,  shown  in  Fig.  V-25,  applied  to  the  fuel  tank,  is 
the  most  simple  of  the  systems  discussed.  It  consists  only  of 
passive  elements  --  an  orifice,  burst  disc,  tubing,  and  injection 
nozzle.  Propellant  supply  for  the  injector  is  taken  from  the 
turbopump  outlet  and  reduced  to  approximately  265  psig  by  the 
orifice.  This  is  possible  as  constant  flow  is  maintained  rather 
than  pulsing  flow  as  in  Systems  A  and  B,  The  primary  advantage 
of  constant  flow  is  that  it  allows  injector  supply  to  be  tapped 
off  at  high  pressure  (1200  to  1400  psia),  which  is  readily  avail¬ 
able,  and  this,  in  turn,  eliminates  most  of  the  effect  of  missile 
acceleration  on  injector  pressure.  For  example,  if  fuel  is  bled 
from  the  turbopump  at  1420  psia  to  supply  the  injector  at  200 
psia,  a  5-g  acceleration  results  in  a  reduction  of  only  10  psia 
in  Injector  supply  pressure. 

System  D,  not  shown,  is  a  combination  of  the  separate  tank 
discussed  in  System  E  and  the  continuous  flow  injector  discussed 
as  System  C.  The  reagent  storage  tank  is  the  same  size  (12-in. 
diameter)  and  is  pressurized  to  the  same  pressures.  Theoretically 
the  reagent  demand  is  reduced  approximately  207.  during  an  engine 
run  due  to  the  increasing  ullage  gas  temperature.  As  stated  for 
System  B,  the  flow  rate  decrease  resulting  from  the  polytropic 
pressure  decay  in  the  storage  tank  is  137.,  but  could  be  adjusted 
to  match  the  reagent  demand  by  decreasing  the  storage  tank  ullage. 
A  shutoff  valve  between  the  reagent  storage  tank  and  injector  is 
required  in  this  system  for  prerun  isolation,  initiation  of  in¬ 
jection,  and  termination  of  injection.  A  simple  solenoid  shut¬ 
off  valve  controlled  by  either  low-level  sensors  or  a  signal  from 
the  engine  during  the  start  and  shutdown  sequences. 
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Fig.  V-25  Constant  Flow-Type  UK,  Turbopump,  Bleed  Fuel  Tank  Pressurization, 
Evaporated  Propellant  Oxidizer  Pressurization 
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Reliability  -  Predicted  reliability  factors  were  calculated 
for  each  of  the  systems  considered  for  use  in  the  boost  and  sus- 
tainer  phases.  Using  the  same  method,  the  existing  Titan  IX 
pressurization  system  was  analyzed;  the  results  are  Included  in 
Table  V-6.  The  Stage  II  oxidizer  tank  was  not  Included  as  it  has 
no  pressurization  system. 

Calculation  of  reliability  was  Dasea  on  the  following  defini- 
wlcns  £r*d  fcr»>uln  n ' 


Generic  failure  rate  (GF^)  -  The  Inherent,  number  of  fail¬ 
ures  per  unit  of  time,  cycles,  or  trials  that  will  occur 
under  a  laboratory-type  Installation; 

Equipment  operating  mode  factor  )  -  A  failure  rate 

modifier  that  adjusts  the  generic  failure  rate  for  var¬ 
ious  external  operating  environments; 


Equipment  application  factor  (KJ  -  A  failure  rate  modi¬ 
fier  that  adjusts  the  generic  failure  rate  for  various 
Internal  operating  conditions  such  as  speed,  temperature, 
etc.  It  is  assumed  to  be  unity  when  no  factor  has  been 
established; 


Adjusted  Failure  Rate  (Ff)  «  (GF^)  (K^)  (^0p)» 

Duration  of  operating  phase  being  considered  (t)  (hr) 
tF  «  GF  ^>a^IUrg (K  -  dimensionless's 

r  e  ClO6  hr)  ^  °P  ; 

(K  -  dimensionless)  (t  -  hr) 
(Number  in  system),  (Failures  x  10 

R  ■  e"tFr  (1  »  tF^,  where  tFr  <0.01), 

Reference:  M-63-3.* 


It  is  noted  that  reliabilities  for  Stage  II  are  in  general 
slightly  higher  than  Stage  I.  This  is  due  to  the  KQp  being 

higher  for  Stage  I  making  the  Stage  II  reliability  factors 
slightly  higher. 


"Engineering  Reliability  Policy  and  Procedures  Manual  M-63-3. 
Martin  Company,  Denver,  Colorado. 
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System  E,  shown  in  Fig.  V-26,  applied  to  the  oxidizer  tank, 
uses  a  common  ullage  line  to  transfer  pressurizing  gas  from  fuel 
to  oxidizer  tanks.  An  isolation  valve  with  differential  pressure- 
switch  control  in  the  common  ullage  line  prevents  flow  from  oxi¬ 
dizer  to  fuel  tanks.  An  injector  in  the  cue.l  tank  supplies 
enough  reagent  to  pressurize  both  tanks.  Due  to  secondary  re¬ 
action  of  oxidizer  with  the  pressurizing  gas  from  the  fuel  tank 
and  amount  of  propellant  vapor,  the  amount  of  reagent  required 
1q  increased  approximately  40%  while  the  volume  to  be  pressurized 
is  increased  120%,.  The  common  ullage  line  is  approximately  4  in. 
in  diameter  due  to  the  low  density  ot  tne  pressurizing  gas.  Hie 
isolation  valve  is  a  zero  leakage  valve  similar  to  the  existing 
propellant  prevalve  in  that  a  diaphragm  or  some  similar  device 
is  required  to  positively  seal  the  valve  before  engine  start. 
Injection  initiation  and  termination  would  be  the  same  as  de¬ 
scribed  for  Systems  A,  B,  C,  or  D,  depending  on  which  is  used 
for  the  fuel  tank.  The  differential  pressure-switch-controlled 
isolation  valve  opens  to  pressurize  the  oxidizer  tank,  based  on 
oxidizer  tank  demand  sensed  by  the  pressure  switch. 

Weight  -  Weights  for  the  proposed  systems  were  determined  by 
assuming  the  same  pressurization  line  lengths  as  the  present 
autogenous  pressurization  system  and  component  weights  of  pres¬ 
ently  available  hardware.  Present  pressurization  line  lengths 
are  approximately  680  and  370  in.  for  Stage  I  oxidizer  and  fuel, 
respectively,  and  150  in.  for  Stage  II  fuel  tanks.  The  pulse- 
type  injector,  while  not  presently  available,  is  similar  to 
existing  solenoid  valves,  from  which  weights  were  estimated. 

The  separate  reagent  tank  weight  waB  calculated  for  aluminum  with 
a  safety  factor  of  1.5  based  on  a  nominal  reagent  load  and  75% 
ullage.  Pressurization  gas  weights  were  calculated  from  MTI 
development  test  data,  gas  laws,  Titan  II  test  data,  and  nitrogen 
tetroxide  dissociation  data.  Calculated  weights  based  on  the 
preliminary  design  schematics  are  shown  in  Table  V-3.  Also  shown 
are  welghtr  for  the  existing  Titan  II  missile  pressurization  sys¬ 
tem. 
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Table  V-3  Titan  IX  Fuel  and  Oxidizer  Tank  Pressurization  System  Weights 


Common  Ullage  from  Fuel 
Tank 


13 


334 


347 
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Using  the  weight  data  given  in  Table  V-4,  total  pressuriza¬ 
tion  system  weights  for  both  fuel  and  oxidizer  tanks  were  calcu¬ 
lated  and  are  given  in  Tables  V-5  and  V-6  along  with  the  resulting 
weight  savings  over  the  existing  systems.  The  weight  decrease 
shown  for  the  Stage  I  fuel  tank  pressurization  systems  when  applied 
with  a  common  ullage  is  due  to  an  increase  in  fuel  tank  ullage 
temperature,  which  reduces  gas  weight  4  lb,  and  an  increase  in  the 
fuel  tank  injector  capacity,  which  increases  hardware  weight  2  lb. 
The  high  weight  of  the  common  ullage  system  is  due  to  the  low  ul¬ 
lage  temperature  and  large  amount  of  undissociated  oxidizer  vapor 
in  the  oxidizer  tank.  Although  the  molecular  weight  of  the  com¬ 
bustion  products  is  substantially  lower  than  dissociated  oxidizer, 
the  small  amount  of  pressurization  required  (equivalent  to  partial 
pressure  of  5  psia)  does  not  result  in  a  significant  weight  reduc¬ 
tion  in  the  Stage  I  oxidizer  tank. 

As  shown,  weight  savings  over  the  existing  Titan  IX  pressuri¬ 
zation  system  range  from  29  to  102  lb  for  Stage  I  (a  reduction 
of  6  to  21%),  and  from  31  to  37  lb  for  Stage  II  (a  reduction  of 
37  to  45%).  The  system  offering  the  greatest  potential  from  a 
weight  standpoint  is  continuous  flow  Injection  from  a  separate 
tank  for  Stage  X  fuel  and  oxidizer  tanks  and  Stage  II  fuel  tank. 
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Table  V-4  Titan  XI,  Stage  I,  Total  Pressurization  System  Weights 


Pressurization  System  Used 

Pressuri¬ 
zation 
. System 
Weight 

Total  (lb) 

Weight  Savings 
over  Existing 
Titan  II  (lb) 

Fuel  Tank  Weight 
(lb) 

Oxidizer  Tank  Weight 
(lb) 

Existing  Titan  II  -150 

Existing  Titan  II  -  327 

477 

0 

Pul Be  Flow,  Turbopump 
Bleed  -  108 

Pulse  Flow,  Turbopump 

Bleed  -  292 

400 

77 

Pulse  Flow,  Separate 
Tank  -  99 

Pulse  Flow,  Separate 

Tank  -  280 

379 

98 

Continuous  Flow, 
Turbopump  Bleed  -  103 

Continuous  Flow, 

Turbopvmp  Bleed  -  287 

390 

87 

Continuous  Flow, 

Separate  Tank  -  97 

Continuous  Flow, 

Separate  Tank  -  278 

375 

102 

Pulse  Flow,  Turbopump 
Bleed  -  108 

Pulse  Flow,  Separate 

Tank  -  280 

388 

89 

Pulse  Flow,  Turbopump 
Bleed  -  106 

Common  Ullage  -  347 

453 

24 

Pulse  Flow,  Separate 
Tank  -  99 

Existing  Titan  II  -  327 

426 

51 

Continuous  Flow, 
Turbopump  Bleed  •  loJ. 

Common  Ullage  -  347 

448 

29 

Continuous  Flow, 
Separate  Tank  -  97 

Common  Ullage  -  347 

444 

33 

Table  V-5  Titan  II,  Stage  II,  Fuel  Tank  Pressurization  System 
Weights 


System 

Weight 

(lb) 

Weight  Savings 

over  Existing 
System  (lb) 

Existing  Titan  II 

83 

0 

Pulse  Flow,  Turbopump  Bleed 

52 

31 

Pulse  Flow,  Separate  Reagent  Tank 

36 

Continuous  Flow,  Turbopump 

Bleed 

33 

Continuous  Flow,  Separate 
Reagent  Tank 

37 
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From  Table  V-6  tt  Is  seen  that  the  system  employing  constant 
flow  injection  with  turbopump  bleed  supply  is  predicted  to  be 
the  most  reliable  for  both  fuel  and  oxidizer  tanks  in  Stage  I  and 
the  fuel  tank  in  Stage  II. 


Table  V-6  Titan  II  Candidate  MTI  Pressurization  Systems 
Reliabilities 


Stage  1 

TT  S 

_ _ 

Type  Subsystem 

Reliability 

Rank 

Reliability 

Rank 

Fuel  Tank 

Existing  Titan  11 

0.9992 

2 

0.9994 

2 

Pulse  Flow,  Turbopump  Bleed 

0.9988 

3 

0.9990 

3 

Pulse  Flow,  Separate  Reagent 
Tank 

0.9983 

5 

0.9986 

5 

Continuous  Flow,  Turbopump 
Bleed 

0.9996 

■ 

0.9997 

■ 

Continuous  Flow,  Separate 
Reagent  Tank 

0.9985 

■ 

0.9988 

■ 

Oxidizer  Tank 

Existing  Titan  II 

0.9991 

2 

N/A 

Pulse  Flow,  Turbopump  Bleed 

0.9988 

3 

N/A 

Pulse  Flow,  Separate  Reagent 
Tank 

0.9983 

6 

N/A 

■ 

Continuous  Flow,  Turbopump 
Bleed 

0.9996 

■ 

N/A 

■ 

Continuous  Flow,  Separate 
Reagent  Tank 

0.9985 

5 

N/A 

■ 

Common  Ullage  from  Fuel 

Tank 

0.9988 

a 

N/A 

■ 
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Performance  -  The  theoretical  pressurization  system  perform¬ 
ance  of  the  Titan  II  booster  has  been  computed  by  the  IBM-7094 
MTI  mathematical  model.  Pertinent  pressurization  data  are  shown 
in  Fig.  V-27  and  V-28  for  the  Stage  I  and  Stage  II  systems  em¬ 
ploying  the  solid-stream  surface  reagent  injection  process  in 
each  tank.  The  Stage  II  oxidizer  tank  has  not  been  analyzed 
because  of  the  satisfactory  method  now  used  (nitrogen  initial 
pressurization  and  ullage  gas  expansion).  However,  for  certain 
missions  with  a  heavier  payload,  the  MTI  system  could  be  employed 
to  satisfy  the  increased  pressurization  requirements.  Nominal 
mission  durations  have  been  analyzed  for  a  typical  trajectory  with 
the  expected  aerodynamic  heating.  Pressure  control  was  limited 
to  +0.5  psia  for  the  run  based  on  minimum  pressure  requirements 
considering  a  6-  to  8-sec  ullage  gas  expansion  process  for  ex¬ 
pelling  the  residual  propellants.  Maximum  predicted  wall  tem¬ 
peratures  are  within  the  allowable  limits  for  the  aluminum 
structure  and  are  considered  realistic  in  view  of  the  results 
obtained  from  the  similar  tankage  tested  during  Phase  III, 

Reagent  consumption  was  moderate  for  each  system,  permitting 
either  turbopump  bleed  or  separate  storage  without  difficulty. 

In  comparing  the  performance  of  the  existing  Titan  II  pres¬ 
surization  system  with  the  MTI  system,  an  Increase  in  reliability 
can  be  realized  by  a  change;  however,  the  weight  saving  with  the 
MTI  system  is  a  relatively  small  percentage  of  the  total  propul¬ 
sion  system  weight.  The  elimination  of  the  heat  exchanger  and 
control  of  hot  gases  are  the  primary  factors  affecting  the  re¬ 
liability  of  the  present  systems.  Only  a  small  decrease  in  the 
Stage  I  oxidizer  tank  pressurization  system  weight  is  realized 
due  to  the  relatively  low  operating  pressure  and  large  amount  of 
vaporized  ^0^.  An  ullage  gas  temperature  of  150°F  was  assumed 

for  the  MTI  pressurization  process  and  200°F  for  the  present  sys¬ 
tem.  By  operating  the  MTI  system  at  higher  temperatures  (300°F) 
an  additional  20%  weight  saving  can  be  obtained  due  to  further 
dissociation  of  the  propellant  vapor.  The  decrease  in  fuel  tank 
pressurization  system  weight  is  primarily  due  to  a  reduction  in 
components  as  the  gas  pressurizing  gas  molecular  weight  la  es¬ 
sentially  the  same  for  both  systems. 
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Fig.  V-27  MT1  Titan  II  Stage  I  Predicted  Performance 


•6! 


400 


V-66 


RTD-TDR-63-1123 


Cost  -  A  preliminary  study  of  the  effort  required  for  the 
development  and  testing  of  a  Titan  II  MTI  pressurization  system 
has  been  made  to  determine  the  program  duration  and  cost.  Based 
on  a  modular  concept,  an  estimated  4  months  would  be  required 
from  program  initiation  to  flight  demonstration  at  a  cost  of  ap¬ 
proximately  $26,400  per  system  (plus  G  and  A,  overhead,  and  fee) 
excluding  the  flight  test  cost  and  assuming  a  government -furnished 
missile  or  installation  on  one  of  the  remaining  R6D  vehicles. 

This  is  a  preliminary  engineering  estimate  performed  on  a  typical 
system  indicated  in  Fig,  V-29  for  the  pressurization  of  the  Titan 
II  Stage  I  fuel  tank.  A  continuous  solid  stream  surface  reagent 
injection  system  was  selected  for  each  tank  due  to  its  high  re¬ 
liability  and  easy  installation.  This  concept  could  be  used  for 
pressurization  of  the  other  tanks  with  modification  to  the  in¬ 
jector  for  achieving  the  proper  gas  generation  rate.  All  com¬ 
ponents  are  standard  shelf  items  with  only  a  small  percentage  of 
manufactured  parts  required.  Ample  room  for  installation  has 
been  assumed.  However,  the  Stage  II  installation  would  be  ham¬ 
pered  by  space  Limitations. 

The  total  manpower  estimate  for  the  4-month  program  outlined 
is  2200  man-hours  (equivalent  to  approximately  $22,000).  The 
detailed  cost  breakdown  contained  in  Table  V-7  based  on  the  de¬ 
velopment  of  a  Single  system;  for  a  larger  order,  the  cost  per 
system  would  be  reduced  due  to  a  50%  decrease  in  labor  per  system 
(i.e.,  2  units  $25,900  each,  5  units  $17,600  each). 


Table  V-7  Basis  for  Cost  Estimate,  Titan  II,  MTI  (Based 
on  One  System) 


Cost  ($) 

Material 

1  Reagent  Storage  Sphere  (0.295  cu  ft) 

1,500 

1  Injector  Isolation  Valve  (1/4  in.) 

750 

1  Injector 

100 

1  Reagent  Fill  and  Drain  Valve  (1/4  in.) 

750 

1  Reagent  Pressurization  Disconnect  (1/4  in  ) 

1,000 

Plumbing,  Wiring,  Supports,  etc. 

Total 

Manpower 

■ | 

2200  man-hours  ($10/raan-hour) 

System  Cost  Xotal 

■  | |  >J| 
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Legend; 

(l)  Vent  Disconnect 
©  Pressurization  Disconnect 
©  Reagent  Storage 
©  Fill  and  Drain  Valve 
©  Injector  Isolation  Valve 
@  Injector 

Splash  Plate 
@  Antivortex  Baffle 


Fig.  V-29  Titan  II,  Stage  I  Fuel  Tank,  MTI  Pressurization  System 
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The  development  schedule  Is  shown  In  Fig.  V-30.  Initial 
effort  would  be  concerned  with  the  generation  of  a  design  criteria 
document  indicating  pertinent  system  requirements  from  which  de¬ 
tailed  design  drawings  can  be  completed.  The  detailed  design 
would  be  based  on  a  thorough  analytical  examination  of  pressuri¬ 
zation  and  operational  characteristics  to  establish  optimum  flow 
capacity  and  response.  Anticipated  problems  would  center  on  the 
space  limitations  of  the  system  and  structural  support  require¬ 
ments  of  the  individual  components.  The  fire-in-the-hole  staging 
technique  would  present  some  difficulty  in  assuring  Stage  I  oxi¬ 
dizer  tank  Mil  system  structure  integrity  during  the  Stage  XX 
engine  operation  environment.  In  addition,  heat  transfer  through 
the  oxidizer  conduit  will  warrant  careful  study.  Thermodynamic 
analysis  of  the  pressurization  system  would  be  provided  by  the 
existing  mathematical  model  developed  during  the  present  MTI 
program.  Resultant  injector  and  reagent  designs  would  be  adjusted, 
if  required,  during  verification  testing. 

Since  all  the  basic  components  would  he  off-the-shelf  procured 
items,  the  minimum  procurement  effort  would  be  handled  by  design 
and  engineering  personnel.  Manufacturing  effort  would  involve 
the  fabrication  of  necessary  component  supports,  plumbing,  and 
performing  existing  system  modifications.  Existing  quality  as¬ 
surance  programs  on  similar  components  would  be  imposed  to  obtain 
satisfactory  component  performance.  System  development  would  be 
accomplished  during  the  system  verification  tests.  During  this 
phase  of  the  program,  a  full-scale  mockup  of  the  MTI  presBuriza- 
tion  system  would  be  constructed  and  flow-tested  to  the  design 
performance  levels  before  installation  on  the  flight  article. 

Due  to  the  extensive  testing  performed  on  similar  tankage  with 
a  pulse-type  system,  no  full-scale  battleship  tests  would  be 
required.  Adequate  overpressure  protection  during  the  20-sec 
captive  firing  would  be  achieved  by  the  present  vent  and  pressuri¬ 
zation  system.  In  the  event  of  inadequate  pressurization  due 
to  a  low  gas  generation  rate,  shutdown  would  be  initiated  and  an 
additional  test  required  for  the  increased  capacity  injector. 
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Fig.  V-30  Titan  II  Mil  Pressurization  System  Development  Schedule 
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2.  titan  III  Transtage 

The  transtage  is  the  third  stage  of  the  Titan  III  core  and 
has  a  basic  configuration  as  shown  in  Fig.  V-31.  The  titanium 
main  propellant  tanks  are  in  a  side-by-side  position  within  the 
10-f t-diameter  module  formed  by  the  aluminum  missile  skin.  Fuel 
tank  capacity  is  approximately  137  cu  ft  of  a  50/50  blend  of  hy¬ 
drazine  and  UDMHj  while  the  oxidizer  tank  contains  approximately 
169  cu  ft  of  N^O^.  The  total  tank  length  of  14  ft  was  not  con¬ 
sidered  a  significant  problem  for  the  Mil  pressurization  system 
application.  Two  pressure-fed  8000-lb-thrust  engines  are  located 
toward  the  aft  end  of  the  propellant  tanks,  oriented  along  an 
axis  perpendicular  to  a  line  joining  the  tank  centerlines.  The 
complete  transtage  consists  of  two  sections,  the  propulsion 
module  and  the  control  module.  Propellant  tankB,  engines,  and 
the  pressurization  system  are  contained  in  the  propulsion  module, 
while  the  control  module  houses  the  transtage  instrumentation 
and  the  attitude-control  system.  The  attitude-control  rocket 
motors  are  on  the  missile  skin  immediately  above  the  separation 
line  of  the  two  modules , 

Transtage  applications  will  include  use  as  an  extra  booster 
stage  for  high  orbits  or  heavier  payloads.  Since  it  will  also  be 
used  to  transfer  the  payload  from  one  orbit  to  another,  it  re¬ 
quires  a  capability  of  three  restarts  in  zero-g  environment.  For 
a  zero-g  engine  startup,  the  attitude-control  rocket  motors  are 
fired  for  a  period  of  about  10  sec,  providing  acceleration  to  be¬ 
gin  bottoming  the  propellants.  After  the  10-sec  period  but  be¬ 
fore  the  propellants  have  completely  bottomed,  the  transtage 
engines  are  started,  using  the  propellant  trapped  beneath  a  false 
bottom  in  each  tank.  The  propellant  is  completely  bottomed  by  the 
acceleration  from  the  transtage  engines.  The  tranBtage  is  capable 
of  500  seconds  of  continuous  operation  after  6.5  hr  in  orbit  (in 
the  zero-g  environment).  The  entire  transtage  weighs  about  28,000 
lb  loaded  with  propellants,  with  weight  kept  at  an  absolute  mini¬ 
mum. 


The  configuration  of  the  propulsion  system  now  adopted  for  the 
Titan  III  transtage  is  shown  in  Fig.  V-31.  Helium  gas  is  com¬ 
pressed  to  3600  pBi  in  two  10.25-cu-ft  storage  spheres.  These 
spheres  are  made  of  titanium  and  weigh  235  lb  each.  Each  contains 
23  lb  of  helium  gas,  which  passes  through  regulator  valves  to  main¬ 
tain  propellant  tank  pressures  at  approximately  163  psi. 
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Helium  Storage  Spheres 

Till  and  Drain  Valve 

Manual  Relief  Valve 

Filter  and  pressure  Control  Valve 

Check  Valve 


Pressure  Control  Switch 
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The  results  of  this  study  indicated  that  approximately  250 
lb  car-  be  saved  by  using  a  dual -injection  MTI  pressurization 
systc.ii  instead  of  the  present  helium  configuration,  with  only  a 
slight  reduction  in  reliability.  A  modular-type  system  has  been 
proposed.  It  could  be  developed  during  the  Titan  II  test  pro¬ 
gram  and  later  incorporated  in  the  Titan  III  design.  .Because  of 
elimination  of  the  helium  spheres,  a  re-evaluation  .i^f  vehicle 
dynamics  would  be  required  to  verify  stability  and  coritrql  re¬ 
quirements.  In  view  of  the  zqro-mission  requirements  and  un¬ 
certainty  of  the  reaction  process,  continuous  pressurization  or 
adoption  of  the  common  ullage  MTI  pressurization  concept  is  not 
recommended.  The  titanium  tankage  is  particularly  desirable  for 
the  Mil  pressurization  system  since  high  operating  temperatures 
could  be  efficiently  used  for  continuous  missions.  For  discon¬ 
tinuous  missions,  the  high  operating  temperatures  would  be  less 
desirable  since  pressurization  could  not  be  provided  by  the  MTI 
system  during  a  zero-g  cooldown.  An  investigation  of  repressuri¬ 
zation  requirements  indicated  that  approximately  25  sec  may  be 
required  unless  a  special  high-capacity  injector  is  used  during 
this  period. 

Preliminary  Design  Schematics  -  Figures  V-32  thru  V-36  show 
design  schematics  of  the  MTI  pressurization  systems  considered 
most  promising  for  Titan  III  transtage  application.  In  all  the 
MTI  systems,  the  injector  is  a  self-contained  (modular-type) 
unit  attached  to  the  inside  of  the  tank  manhole  cover.  The  in¬ 
jection  duration  is  controlled  by  an  electrically  operated  sole¬ 
noid,  with  its  movement  perpendicular  to  the  reagent  flow 
direction,  reducing  the  power  requirement.  The  solenoid  is 
activated  by  a  pressure  switch  monitoring  propellant  tank  pres¬ 
sure.  The  tank  is  pressurized  by  controlled  combustion  of  the 
hypergolic  propellant  and  reagent  within  the  tanks.  (The  term 
"reagent"  refers  to  fuel  when  injected  into  the  oxidizer  tank 
and  to  oxidizer  when  injected  into  the  fuel  tank.)  Overpressure 
protection  is  provided  by  the  existing  pressure  vent  and  relief 
system,  with  an  additional  capability  of  closing  the  reagent  sup¬ 
ply  valve  in  the  event  of  a  failed  open  injector. 

When  an  MTI  system  is  used  in  a  restart  mission,  it  is  not 
intended  that  tank  pressures  be  maintained  throughout  the  coast 
period.  Instead,  the  injection  process  would  be  activated  up  to 
5  sec  before  engine  start,  allowing  the  tank  pressure  to  rise 
sufficiently  for  propellant  feed.  An  auxiliary  injector  could 
be  added  to  cut  down  on  the  time  needed  for  prepressUrization. 
This  would  be  especially  advantageous  in  conserving  the  attitude- 
control  system  propellant  supply  when  firing  in  a  zeto-g  environ¬ 
ment,  where  the  attitude-control  system  is  used  to  provide 
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acceleration  to  bottom  the  propellants  in  the  main  tanks.  The 
propellants  must  be  bottomed  before  the  injection  begins,  since 
the  injected  -reagent  must  come  into  contact  with  the  propellant 
for  the  process  to  be  controllable.  Detailed  descriptions  of 
the  operation  of  the  proposed  systems  are  contained  in  the  fol¬ 
lowing  paragraphs. 

MTI  Dual  Injection,  Titan  III  Transtage,  Gas  Pressurized  J 
Reagent  Supply  (Fig.  V-32)  -  Helium  or  nitrogen  gas  at  1700 
psi  is  released  from  a  1/3-cu-ft  titanium  sphere  through  a  - 
pressure-control  valve  into  the  two  reagent  storage  tanks > 
which  are  titanium  spheres  with  volumes  of  1  cu  ft  and  1/3 
cu'  ft.  The  pressurized  reagent  passes  through  the  reagent 
supply  through  the  reagent  supply  valves  to  the  injectors. 

MTI  Dual  Injection,  Titan  III  Transtage,  Pressurized  Re¬ 
agent  Supply  (Fig,  V-33)  -  This  configuration  is  similar  to 
the  previous  configuration,  except  that  an  existing  pres¬ 
surized  gas  source  is  used.  Nitrogen  gas  at  3000  psi  is 
used  to  supply  pressure  to  the  transtage  atcitude-ccntrol 
system  propellant  tanks  and,  in  this  configuration,  also 
supplies  pressure  to  the  MTI  reagent  storage  tanks.  A  brehk- 
away-type  coupling  in  the  nitrogen  line  provides  for  separa¬ 
tion  of  the  two  systems  when  the  control  module  separates 
from  the  propulsion  module.  Reagent  is  supplied  from  two 
titanium  spheres,  having  volumes  of  1  cu  ft  and  1/3  cu  ft. 

The  reagent  passes  through  the  reagent  supply  valves  into  the 
injectors . 

MTI  Dual  Injection,  Titan  III  Transtage,  Pump  Fed,  Main  Tank 
Reagent  Supply  (Fig.  V-34)  -  Pumps  are  used  to  supply  reagent 
under  pressure  to  the  injectors.  The  reagent  is  tapped  from 
locations  beneath  the  false  bottom  of  the  main  propellant 
tanks,  insuring  a  constant  reagent  supply  during  accelerations 
from  zero-g.  Based  on  estimates  of  component  weights,  this 
configuration  was  found  to  be  the  lightest  system. 


MTI  Dual  Injection,  Titan  III  Transtage,  Mechanically  Pres¬ 
surized  Reagent  Supply  (Fig,  V-35)  -  Reagent  is  stored  in 
collapsible  bellows  encased  in  gastight  chambers.  Inside  each 
chamber  and  behind  the  bellows  is  a  spring  with  a  minimum 
spring  force  per  square  inch  of  100  lb,  equal  to  the  desired 
pressure  differential  across  the  injector.  An  open  line  from 
the  spring  chamber  is  tapped  into  the  main  tank  ullage;  conse¬ 
quently,  the  pressure  behind  the  reagent  filled  bellows  is  the 
sum  of  the  pressures  exerted  by  the  gas  and  by  the  spring. 
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Since  the  gas  pressure  is  equal  to  the  ullage  ■  pressure ,  the 
required  AP  across  the  injector  is  always  ma'i;ritai,ned  by  the 
faring.  c,-  t;(>i 

IfTI  Single  Tank  Injection,  Common  Ullage  (Fig,.  y-36),  -  Al¬ 
though  a  spring-loaded  reagent  storage  chamber,  is  shown  in 
Fig.  V-36,  any  of  the  preceding  reagent  storage  and  pres¬ 
surization  techniques  can  be  used  for  this  system.  Reagent 
is  supplied  to  only  one  tank,  and  part  of  the  pressurizing 
gas  is  passed  from  the  ullage  of  the  primary  tank  into  the 
secondary  tank  through  a  thin-walled  stainless  steel  common 
ullage  line  \\  in,  in  diameter.  The  proposed  method  of  gas 
entrance  into  the  secondary  tank  is  called  subsurface  gas  in¬ 
jection,  found  to  be  the  most  successful  technique  in  the 
Phase  I  experimental  program. 

Weight  -  To  compare  weights  of  the  various  pressurization  sys¬ 
tems  presented  for  Titan  III  transtage  use,  conservative  estimates 
were  made  based  on  the  preliminary  design  configurations.  The 
final  pressurization  system  weights  are  compared  at  engine  shut¬ 
off,  so  the  pressurant  weight  includes  the  combustion  products 
with  condensibles,  the  initial  pressurizing  gas,  and  the  vaporized 
propellant.  It  was  assumed  that,  for  the  MTI  systems,  an  ambieht 
cooldown  of  the  saturated  ullage  gases  to  100 °F  was  the  condition 
determining  the  amount  of  pressurant  required.  This  assumption 
is  conservative  since  it  represents  an  extreme  rase  for  a  transtage 
mission  using  the  MTI  system.  In  all  cases,  weight  estimates  were 
based  on  gas  storage  tanks  made  of  titanium  and  initially  pres¬ 
surized  with  helium  to  3600  psi.  Approximations  of  component 
weights  were  obtained  from  similar  existing  units. 

Weight  comparisons  of  the  six  pressurization  systems  evalu¬ 
ated  are  given  in  Table  V-8  and  Fig.  V-37.  Total  hardware  weight 
comprises  pressurization  and  service  lines,  switches,  valves, 
supports,  reagent  storage  containers,  gas  pressurant  tanks,  pumps, 
and  injector.  It  was  found  that  using  any  of  .the  MTI  systems 
rather  than  the  present  helium  system  would  result  in  a  saving 
of  238  to  271  lb. 


* 
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Fig.  V-33  HII  Dual-Injection,  Titan  III  Tranacage,  Nitrogen-Preaaurised 
Reagent  Supply  (Configuration  3) 
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Legend : 

0 

Reagent  Supply  Drawn 
from  Main  Tank 

0 

Reagent  Pros3url/.ation 
and  Supply  Pumps 

© 

Reagent  Supply  Valves , 
Controlled  by  (£) 

© 

Vent  and  Relief  Valve 

© 

Injector,  Controlled  by@ 

© 

Pressure  Switch 

r^ote:  Weight  advantage  over  Configuration  l  is  271.1  Lb. 


Fig,  V-34  MTL  Dual-Injection,  Titan  III  Transtage,  Pump-Fed,  Main  Tank  Reagent 
SuppLy  (Configuration  4) 
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Legend; 

© 

Reagent  Fill  and  Drain  Line 

© 

Reagent  Supply  Contained  in 
Collapsible  Bellows 

© 

Reagent  Pressure  Spring 

© 

Reagent  Pressure  -  Assist  Line 

© 

Reagent  Fill  and  Drainand  Supply 
Valve,  Controlled  by  © 

@ 

Vent  and  Relief  Valve 

Injector,  Controlled  by  © 

© 

Pressure  Switch 

Mote:  Weight  advantage  over  Configuration  1  is  238.1  lb. 


Fig.  V-35  MT1  Dual -Inject ion,  Titan  Ill  Trans tage,  Mechanically  Preaaurized  Reagent 
Supply  (Configuration  5) 
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Oxidizer  Tank 


"  _ 

£  False  ^ 


legend : 

© 

Reagent  Fill  and  Drain  Line 

© 

Reagent  Supply  (Bellows 

Shown;  Could  be  Another 

Conf igurav ion) 

© 

Reagent  Pressure  Spring 

© 

Reagent  Pressure  -  Assist  Line 

© 

Reagent  Fill  and  Drain  and  Supply 
Valve,  Controlled  by  @ 

© 

Vent  and  Relief  Valve 

© 

Injector,  Controlled  by  (£) 

© 

Pressure  Switch 

© 

Common  Ullage  Line 

© 

Gas  In Let  to  Oxidizer  Tank 

© 

Isolation  Valve 

© 

A  Pressure  Switch 

Weight  advantage  over  Configuration  1  la  267.7  lb. 


Fig.  V-36  MT1  Single-Tank  Injection,  Common  Ullage  (Configuration  &) 
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4.  Retrothruet  gas  excluded  Item  all  comparisons . 

5.  Pressurant  Includes  inert  combustion  products,  con¬ 


densibles.  and  vaDorized  propellants  where  applicable. 


Present  MTI  Mil  Mil  Mil  Mil 

Helium  Gas  Auxiliary  Pump  Common 

System  Injection  Gas  Injection  Injection  Ullage 

Injection 

Fig,  V-37  Comparative  Pressurization  System  Weight,  Titan  III 
Trans  tage 
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The  reliabilities  of  the  various  pressurizing  systems  for  the 

i. *_ r.v  ?TT  . . ,irz  nrcccnticd  ir.  Tn V 1  ~  ^  ^  onmmnrv  1  c  rnn - 

tained  in  Table  V-10.  The  results  indicate  the  present  helium- 
pieSBui l*ed  system  to  be  the  most  reliable,  the  dual-injection 
(nitrogen,  independent  gas  source,  and  mechanical  pressurization) 
and  the  single-tank  injection  (common  ullage)  system  to  be  the 
next  most  reliable.  The  pump-driven  dual-injection  system  is  in¬ 
dicated  to  be  the  least  reliable. 

Calculation  of  the  reliabilities  was  based  on  the  latest  re¬ 
vision  of  Martin's  Engineering  Reliability  Policy  and  Procedures 
Manual,  as  indicated  in  the  preceding  section.  A  simplifying  as¬ 
sumption  was  made  in  the  calculation  of  the  reliabilities,  namely 
that  the  mission  consisted  of  a  500-sec  (0.139-hr)  firing.  Ho 
attempt  was  made  to  calculate  reliabilities  during  the  coast  pe¬ 
riod  or  for  restarts.  In  addition,  the  determination  of  the 
generic  failure  rate,  GFr,  for  the  MTI  injectors  was  established 

by  assuming  that  this  failure  rate  was  equal  to  that  of  the  moBt 
unreliable  component,  the  reagent  supply  valve.  It  is  probable 
that  if  the  GFr  were  more  accurately  determined,  the  reliabili¬ 
ties  of  the  various  MTI  systems  would  have  compared  more  favor¬ 
ably  with  the  present  helium  pressurization  system. 

Table  V-9  Pressurization  System  Reliability  Comparison 


a. 

Titan  lit  Transtage 

Component 

Ho.  Required 

GFr  x  106 

K 

a 

Kop 

tF  x  106 
r 

Reagent  Supply  Valve 
Airborne  Pressure  Control 

2 

11.0 

i 

145 

443.4 

Switch 

2 

0.1 

i 

145 

29.0 

Vent  and  Relief  Valve 

0 

2.85 

i 

145 

114.9 

Helium  Storage  Tank 

2 

0.07 

i 

145 

2.8 

Helium  Check  Valve 

2 

5.0 

i 

145 

201.6 

Helium  Filter 

2 

0.3 

i 

145 

12.1 

Diffuser 

2 

0 

i 

145 

0 

Flexible  Line  and  Fittings 

10 

0.448 

i 

145 

90.3 

Hard  Line  and  Fittings 

18 

0.224 

i 

145 

81.3 

Total 

«•  975.4 

Reliability  *  0.9990 
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Table  V-9  (cont) 


Component 

Ho, 

Required 

GF  x  106 
r 

K 

a 

K 

op 

tF  x  106 

r 

Reagent  Supply  Valve 

Airborne  Pressure  Control 

2 

u.u 

l 

140 

445.4 

Switch 

2 

0.1 

i 

145 

29.0 

Pressurant  Load  Hand  Valve 

1 

0.112 

145 

Pressurant  Storage  Container 

1 

0.07 

■ 

145 

Pressure  Check  Valve 

2 

5.0 

9 

145 

Injector 

2 

11. 0 

145 

Flexible  Line  and  Fittings 

2 

0.448 

H 

145 

Hard  Line  and  FiLUngfi 

6 

0.224 

ffl 

145 

Vent  and  Relief  Valve 

2 

2.85 

B 

145 

Total  «  3925.2 

Reliability  ■ 

C.9961 

c.  Mil  Dual -Injection,  Pump-Fed 

» 

Main  Tank  Reagent  Supply 

Component 

No. 

Required 

GF  X  106 
r 

K 

a 

K 

op 

tFr  x  106 

Reagent  Supply  Valve 

Airborne  Pressure  Control 

2 

11.0 

i 

145 

443.4 

Switch 

2 

0.1 

I 

29.0 

Vent  and  Relief  Valve 

2 

2.85 

n 

114.9 

Injector 

2 

11.00 

m 

3100.0 

Pumps 

2 

13.5 

K| 

3920.0 

Flexible  Line  and  Fittings 

6 

0.448 

B 

390.0 

Hard  Line  and  Fittings 

2 

0.224 

II 

6.3 

Total  ■  8003,6 

Reliability  -  0.9920 
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iau  h  -  y  v  w n *-  i  } 


1 


Pressurized  Reagent  Supply 

No.  1 

Required  1 

GF  x  106  | 

R 

K  1 

tF  x  106 

Reagent  Supply  Valve 

Airborne  Pressure  Control 

2 

11.0 

1 

145 

443.4 

Switch 

2 

0.1 

H 

145 

29.0 

Vent  and  Relief  Valve 

2 

2.85 

n 

145 

114.9 

Injector 

2 

11.00 

tH 

145 

3100.0 

Bellows 

2 

2.2 

i 

145 

640.0 

Springs 

2 

0.1 

MM 

145 

29.0 

Flexible  Line  and  Fittings 

2 

0.448 

s 

145 

13.0 

Hard  Line  and  Fittings 

6 

0.224 

II 

145 

19.6 

Total 

-  4388.9 

Reliability  ■» 

0.9956 

e.  Mil  Single -Tank -Inject ton,  Common  Ullage 

Component 

No. 

Required 

GF  x  106 
r 

K 

a 

K 

op 

tF  x  106 
r 

Reagent  Supply  Valve 

Airborne  Pressure  Control 

1 

11.0 

i 

145 

221.9 

Switch 

1 

0.1 

i 

145 

14.5 

Vent  and  Relief  Valve 

1 

2.85 

i 

145 

107.5 

Injector 

1 

11.00 

i 

145 

1550.0 

Bellows 

1 

2.2 

i 

145 

320.0 

Spring 

1 

0.1 

i 

145 

14.5 

Isolation  Valve 

1 

5.0 

i 

145 

725.0 

Gas  Diffuser 

1 

11.0 

i 

145 

1550.0 

APressure  Switch 

1 

0.1 

i 

145 

14.5 

Flexible  Line  and  Fittings 

2 

0.448 

i 

145 

13.0 

Hard  Line  and  Fittings 

3 

0.224 

i 

145 

10.0 

Total 

-  4540.9 

Reliability  - 

0.9955 
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Table  V-10  Summary  of  Pressurization  System  Reliability, 
Titan  III  Transtage 


|  Type  System 

Reliability  j 

Present  Helium  Pressurization  System 

0.9990 

MTI  Dual -Injection,  Gas  Pressurized 

Reagent  Supply  (both  nitrogen  and  independent  gas) 

0.9961 

MTI  Dual-Injection,  Mechanically 

Pressurized  Reagent  Supply 

0.9956 

MTI  Single-Tank-Injection,  Common  Ullage 

0.9955 

MTI  Dual-Injection,  Pump-Fed 

Main  Tank  Reagent  Supply 

0.9920 

Performance  -  The  theoretical  pressurization  system  perform¬ 
ance  of  the  Titan  III  tranatage  has  been  computed  with  the  IBM- 
7094  MTI  mathematical  model.  Individual  tanks  are  pressurized 
by  the  direct  reagent  injection  process  for  a  continuous  450-sec 
mission.  System  thermodynamic  characteristics  are  shown  in  Fig. 
V-38  and  V-39,  with  a  polytropic  gas  expansion  process  used  for 
the  final  15  sec  of  mission  duration.  Pressure  control  is  main¬ 
tained  within  the  17.  tolerance  range  by  the  existing  pressure 
switches.  Maximum  expected  tank  wall  temperatures  are  well  within 
the  allowable  for  the  titanium  structure,  and  the  low  reagent  con¬ 
sumption  minimizes  pressurant  storage  requirements. 

In  comparing  the  performance  of  the  Titan  III  transtage 
equipped  with  an  MTI  pressurization  system  with  that  of  the  pres¬ 
ent  helium  system,  two  significant  factors  must  be  considered. 

For  a  continuous  mission,  the  helium  system  absorbs  a  large  weight 
penalty  because  of  the  cooling  caused  by  gas  expansion,  whereas 
the  heat  generated  in  the  MTI  system  is  used  effectively  to  re¬ 
duce  the  pressurant  density.  Conversely,  for  an  environment 
cooled  mission,  as  could  be  encountered  in  a  6.5-ht  period,  the 
higher  gas  molecular  weight  inherent  in  the  MTI  process  would 
invoke  a  weight  penalty  on  the  MTI  pressurization  system.  For 
comparison,  however,  the  vehicle  was  assumed  to  be  capable  of 
either  type  of  mission,  and  a  weight  saving  of  250  lb  was  still 
realized  with  the  Mil  pressurization  process. 
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fig,  v-38  Titan  IXI  Tranataga  MIX  Predicted  performance,  Oxidieer  Tank 
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Q  100  200  300  MO  500 

Time  (sac) 

Fig.  V-39  Titan  III  Transtage  MTI  Predicted  Performance,  Fuel  Tank 
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From  the  foregoing  reliability  study,  it  is  indicated  that  an 
Mil  system  using  a  gas  pressurized  reagent  supply  (such  as  pres¬ 
ented  in  Fig,  V-32  and  V-33)  would  give  the  best  overall  perform¬ 
ance  for  continuous  operation  of  the  transtage.  The  reliability 
valve  for  the  pump-fed  reagent  configuration  (? •'  5 -  V-3A) .  which 
represents  the  greatest  weight  saving,  is  significantly  low.  A 
fair  evaluation  of  the  single-injection,  common  ullage  system 
(Fig,  V-36) ,  which  also  represents  a  substantial  saving  in  weight, 
:annot  be  made  at  thiB  time  due  to  a  lack  of  test  data.  Moreover, 
current  pressurization  system  design  philosophy  prevents  pressur¬ 
ization  of  an  oxidizer  tank  with  a  fuel-rich  gas. 


When  evaluating  the  performance  requirements  of  the  coast- 
inject  mission,  several  problems  prohibit  the  use  of  an  MTI  sys¬ 
tem  in  its  present  stage  of  development.  In  addition  to  the 
problem  of  the  pressurizing  gases  cooling  down  during  a  coast  pe¬ 
riod,  there  is  also  an  undemonstrated  ability  of  the  MTI  system  to 
operate  effectively  in  the  zero-g  environment.  Although  propel¬ 
lant  orientation  is  accomplished  by  the  attitude-control  system 
used  to  provide  initial  acceleration  for  restarts  from  zero-g, 
bottomming  the  propellants  is  doubly  important  in  an  MTI  system, 
since  the  injected  reagent  must  come  into  contact  with  the  pro¬ 
pellant  for  the  process  to  be  controllable.  This  situation  would 
increase  the  demand  on  the  attitude-control  Bystem  if  it  were  used, 
and  its  capacity  would  possibly  have  to  be  Increased,  thus  reducing 
the  weight  advantage.  The  configurations  shown  in  Fig.  V-32  and 
V-33  depend  on  acceleration  to  orient  the  reagent  supply,  unless  a 
bladder  or  other  reagent  container  is  used.  In  the  single-tank- 
injection,  common  ullage  configuration  of  Fig.  V-36,  additional 
valving  would  be  needed  in  the  common  ullage  line  to  keep  the  pro¬ 
pellants  from  undesirable  mixing. 

The  present  sequence  of  operations  requires  that  the  propellant 
tank  pressures  be  increased  from  the  8-pslg  nitorgen  blanket  pres¬ 
sure  to  92  psla  before  launch  to  verify  airborne  pressurization 
system  operations.  With  the  adoption  of  the  MTI  pressurization 
process,  it  is  recommended  that  the  pressure  be  raised  to  60  psla 
with  nitrogen  just  before  MTI  pressurization  to  92  psla,  to  avoid 
an  underpressure  kill  from  cooling  of  the  pressurants.  A  second 
benefit  is  derived  from  this  procedure  since  the  injector  differ¬ 
ential  pressure  will  not  exceed  the  200-psi  maximum  for  a  signifi¬ 
cant  period  of  time.  For  the  purpose  of  the  preliminary  study 
effort  performed,  however,  the  MTI  pressurization  process  has  been 
used  from  8  to  92  psi  to  obtain  maximum  system  heating  and  reagent 
consumption. 
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During  the  110  sec  of  solid  rocket  motor  operation  and  140 
sec  of  the  liquid  core  boost,  the  MTI  system  is  inoperative.  It 
is  anticipated  that  a  slight  reduction  in  transtage  propellant 
tank  pressure  because  of  cooling  before  launch  would  be  offset 
by  aerodynamic  healing  in  flight,  but  for  the  purpose  of  this 
study  it  was  assumed  that  tank  pressures  were  at  90  psia  initially 
during  the  165  sec  of  the  second  stage  of  the  liquid  core.  At 
this  time,  the  transtage  propellant  tanks  are  brought  up  to  the 
163-psia  operating  pressure  by  the  MCI  process.  System  response 
and  maximum  temperatures  have  heen  predicted  to  enable  a  struc¬ 
tural  analysis  of  the  tankage  during  this  critical  period. 

Steady-state  operation  of  the  transtage  propulsion  system  has 
been  based  on  the  163-psia  initial  pressure  and  45°F  minimum  sys¬ 
tem  operating  temperature  with  the  minimum  ullages  and  nominal 
propellant  flow  rates.  Before  the  first  burn,  a  hand  computation 
was  performed  to  determine  the  reagent  consumption  for  this  con¬ 
dition. 

A  specific  restart  mission  was  selected  to  establish  maximum 
reagent  consumption.  For  this  case,  ullage  temperatures  were 
assumed  to  reach  bulk  propellant  temperature  during  coast.  Be¬ 
fore  the  second  and  third  burns,  MTI  system  response  is  predicted 
with  the  aid  of  the  IBM-7094  computer  program.  Since  the  repres¬ 
surization  occurs  just  before  restart  for  this  mission,  the  ini¬ 
tial  temperatures  are  the  same  at  the  start  of  propellant  expulsion. 
A  detailed  representation  of  the  complete  mission  and  characteris¬ 
tics  of  the  pressurization  process  are  shown  in  Fig.  V-40  and  V-41. 
To  provide  residual  propellants  for  cooling,  the  injector  has  been 
shut  off  when  the  propellant  level  reaches  the  false  bottom.  Based 
on  the  possible  elimination  of  liquid  level  sensors  for  injection 
termination,  a  study  of  the  amount  of  pressure  decay  experienced 
with  various  volumetric  changes  indicated  that  the  rate  is  equiv¬ 
alent  to  1  psia/sec. 

Cost  -  A  preliminary  cost  analysis  has  indicated  that  an  MTI 
pressuriaation  system  could  be  installed  in  a  Titan  III  transtage 
in  4  months  for  a  cost  of  approximately  $40,000  (plus  G4-A,  over¬ 
head,  and  fee),  assuming  no  additional  problems  requiring  a  re¬ 
design  of  the  system  or  its  components  are  encountered.  Additional 
transtage  units  could  be  converted  to  MTI  for  $17,400  each.  The 
MTI  configuration  shown  in  Fig.  V-32  was  used  as  the  basis  for  the 
engineering  cost  study.  Except  for  the  injector,  which  would  be 
a  newly  developed  part,  all  the  components  needed  to  construct  the 
MTI  system  are  either  shelf  items  or  are  in  use  on  the  helium  pres¬ 
surization  system.  Consequently,  the  injector  accounts  for  most  of 
the  labor  allocated  to  component  design,  manufacturing,  and  compo¬ 
nent  testing  (Fig.  V-42). 
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♦Included  in  design  and  engineering  effort 

Fig.  V-42  Titan  III  Transtage  WI  Pressurization  System  Development  Schedule 
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The  total  work  load  allowed  for  the  4-month  program  outlined 
Is  2600  manhours,  estimated  to  cost  $26,000.  The  component  cost, 
Including  testing,  for  the  first  transtage  unit  is  $12,000,  making 
the  total  cost  $38,000.  Additional  units,  when  development  and 
rrtmnlAl'pd .  rrml cl  he  Attached  to  the  transtaHe 
for  $17,400  each.  A  detailed  cost  breakdown  for  a  typical  MT1  in¬ 
stallation  has  been  provided  in  Table  V-ll. 

The  initial  step  in  developing  the  Titan  III  transtage  MT1 
pressurization  system  is  to  outline  the  performance  requirements 
of  the  MTI  system  and  prepare  a  criteria  document.  The  perform¬ 
ance  criteria  would  probably  parallel  the  requirements  for  the 
helium  system,  but  since  it  is  not  being  proposed  that  the  MTI 
system  be  capable  of  a  restart  from  zero-g,  the  performance  cri¬ 
teria  for  an  MTI  system  may  not  be  so  demanding.  Once  the  re¬ 
quirements  were  stated,  the  entire  MTI  system  would  be  accurately 
designed  to  achieve  the  proper  size,  weight,  and  performance  re¬ 
quirements  for  each  line  and  component.  Also  included  in  this 
effort  is  the  determination  of  what  alterations  the  transtage  tanks 
must  have  to  accept  the  KTI  unit.  Since  the  MTI  is  attached  to  the 
tanks  as  a  modular  unit,  such  alterations,  except  for  the  manhole 
cover,  would  be  minor.  However,  some  components  not  in  the  MTI 
system  itself  would  have  to  be  rearranged  so  the  transtage  center 
of  gravity  is  not  shifted  from  its  present  axis.  This  relocation 
of  components  would  be  studied  in  the  work  effort  entitled  "Vehicle 
Dynamics  Analysis."  The  group  performing  this  analysis  would  also 
be  responsible  for  the  design  of  adequate  supports  for  the  relo¬ 
cated  components,  since  the  supports  enter  into  the  weight  balance. 

To  establish  the  man-loading,  it  has  been  assumed  that  the  job 
of  procurement  can  be  absorbed  into  the  other  manhour  allocations. 
The  procurement  phase  of  the  program  consists  of  preparing  the 
paperwork  involved  in  buying  shelf  items  and  arranging  for  in- 
house  manufacture  of  components. 

To  meet  the  missile  performance  criteria,  all  new  components 
or  parts  would  have  to  comply  with  the  quality  assurance  test  re¬ 
quirements  specified  in  the  applicable  documents.  Such  testing 
would  be  conducted  at  Martin  test  facilities  or  be  subcontracted 
to  a  testing  agency.  During  the  test  phase  of  the  new  components, 
installation  of  the  MTI  system  in  the  transtage  could  be  Btarted, 
using  the  parts  already  available.  System  Installation  would  be 
completed  when  the  tested  components  were  ready  for  use. 
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Confirmation  tests  would  consist  of  tank  pressurization  and 
propellant  outflow  tests  and  would  be  performed  on  the  first  tran- 
stage  unit  only.  Any  minor  design  alterations  resulting  from  the 
test  results  would  be  used  in  all  subsequent  units.  The  transtage 
would  also  be  verification  fired,  thus  proving  the  capability  of 
the  KTI  system.  The  system  would  finally  be  Leateu  in  a  demon¬ 
stration  flight  and  its  performance  in  flight  monitored  by  exist¬ 
ing  telemetry. 
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Table  V-ll  Basis  for  Cost  Estimate  -  Titan  HI  Transtage 

Parts  Usable  from  Helium  Systems 

Two  Pressure  Switches 
Two  Vent  and  Relief  Valves 
Two  Gus  Fiii  antf  vuivus 

Two  Check  Valves  (gas) 

One  Gas  Line  Disconnect 

Extra  Components  Needed  in  the  MTI  System  (based  on  one  transtage  Unit): 


Cost  Each 

Total 

Two  Injectors 

$  1,200 

$  2,400* 

Two  Reagent  Supply  Valves 

1,500 

3,000 

Two  Reagent  Fill  and  Drain 

Va  lve  a 

750 

1,500 

Two  Reagent  Fill  and  Drain 
Disconnects 

1,000 

2,000 

Plumbing 

-- 

300* 

Two  Manhole  Covers  (altered) 

350 

700* 

Supports 

-- 

200* 

One  1-cu-ft  Reagent  Sphere 

2,500 

2,500 

One  1/3-cu-ft  Reagent  Sphere 

1,500 

1,500 

One  1/3-cu-ft  Gas  Sphere 

1,500 

1,500 

$15,600 

’’'Included  In  Manhour  Cost  $3600 
Total  Material  Cost  =  $12,000 

No,  1  --  One  Missile 

Total  Manhours  -  2800  at  $10/Manhour 

Manpower  Cost  =  $  28,000 

Material  Cost  «•  12,000 

Total  $  40,000 

No.  2  --  Five  Missiles 

Manpower  Cost  =  $  5,400 

Material  Cost  =  12,000 

Total  $  17,400  Each 
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VI.  CONCLUSIONS  AMD  RECOMMENDATIONS 


As  a  result  of  the  Phase  III  test  program,  the  feasibility 
anti  reliability  of  the  main  tank  injection  gas  gene  rat  ion  a  re¬ 
cess  for  missile  propellant  tank  pressurization  has  been  estab¬ 
lished.  However,  additional  test  effort  is  recommended  to 
establish  process  infl'ience  parameters  before  a  flight  demon¬ 
stration  can  be  attempted.  The  efficiency  of  the  pressurization 
process  has  established  a  definite  weight  advantage  over  the 
unheated  stored  gas  system  in  high-pressure  systems  with  only  a 
slight  advantage  when  compared  to  present  autogenous  or  stored 
gas  pressurization  systems  of  low-pressure  booster  stages. 

Based  on  current  pressurization  system  usage,  the  common  ullage 
pressurization  of  the  oxidizer  tank  is  not  recommended  (though 
successfully  demonstrated  during  the  small-scale  experimental 
program)  because  of  the  presence  of  a  hydrogen  atmosphere  in  the 
oxidizer  tank.  Consequently,  the  pulse  mode,  solid  stream  sur¬ 
face,  dual  reagent,  injection  process  demonstrated  on  the  flight- 
weight  tanks  is  advocated  for  future  applications.  For  missions 
involving  a  zero-gravity  coast  period,  present  pressurization 
techniques  will  require  propellant  orientation  before  repreBsur- 
lzation  at  this  time. 

During  the  course  of  the  program,  it  became  evident  that 
variations  in  process  reaction  mixture  ratio  particularly  in  the 
fuel  tank  caused  a  variation  in  gas  molecular  weight  and  in  the 
amount  of  condensibles  formed  although  pressure  control  within 
±0.5  psi  was  obtained.  The  extent  of  propellant  degradation 
resulting  from  the  quantity  of  condensibles  formed  was  found  to 
be  relatively  low  with  a  negligible  effect  on  theoretical  rocket 
engine  specific  impulse  for  2-  to  3-min  propellant  expulsions. 
Consistency  of  the  reaction  mixture  ratio  is  an  area  for  future 
study;  however,  good  repeatlbility  was  obtained  with  the  Phase 
III  injection  system. 

1.  Detailed  Conclusions 

The  following  study  conclusions  are  offered. 

1)  Precise  pressure  control  can  be  accomplished  by  the 
pulse-mode,  direct-injection  method  in  a  full-scale 
propellant  system; 

2)  Moderate  temperatures  can  be  achieved  by  adequate 
propellant  penetration  with  the  solid-stream  surface, 
reagent-injection  process  to  permit  the  use  of  thin- 
wall  aluminum  tankage  in  a  low-pressure,  flight-type 
system; 
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3)  Propellant  degradation  resulting  from  the  reaction 
process  is  not  an  important  consideration  since  the 
amount  of  contamination  encountered  in  a  nominal 
3-min  mission  would  be  less  than  0.5%; 

4)  Theoretical  performance  predictions  computed  with 
the  IBM  7094  MTI  Mathematical  Model  show  good  cor¬ 
relation  with  actual  Phase  111  test  results; 

5)  A  significant  weight  saving  with  a  high  degree  of 
reliability  can  be  realized  by  employing  an  MTI  pro¬ 
pellant  tank  pressurization  system  in  current  booster, 
and  space  vehicles. 

2.  Specific  Recommendations 

Martin  makes  the  following  specific  recommendations. 

1)  Allow  further  investigation  of  reaction-influence 
parameters  concerning  reaction  mixture  ratio,  com¬ 
bustion  zone,  injector  design,  and  quantity  of  con¬ 
densed  products  of  reaction; 

2)  Develop  a  multipurpose,  flight  weight,  modular  pulse 
mode,  solid  stream  surface,  reagent  injection  system; 

3)  Initiate  a  flight  demonstration  program  employing 
remaining  Titan  H  R&D  missiles; 

4)  Study  adaption  of  an  MTI  pressurization  system  to 
the  Titan  III  transtage; 

5)  Study  adaption  of  an  MTI  pressurization  system  to 
the  Titan  III  solid  rocket  motor,  fluid  injection, 
thrust  vector  control  system. 
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VII .  FUTURE  STUDIES 


The  successful  application  of  a  chemical  pressurization  sys¬ 
tem  to  a  flight-weight,  full-scale  system  has  established  the 
risibility  of  the  MTI  pressurization  technique  for  the  nitrecer. 
tetroxide  and  50/50  fuel  blend  of  hydrazine  and  unsymmetrical 
dimethylhydrazine  storable  liquid  propellants.  Although  some 
additional  knowledge  concerning  the  nature  of  the  combustion 
process  and  influence  parameters  is  still  needed,  this  technique 
shows  considerable  promise  for  propellant  tank  pressurization 
of  both  booster  and  space  vehicles.  The  availability  of  energy 
sources  such  ns  turbopumps,  gas  generators,  radiant  enginp  heat, 
etc  will  obviously  influence  the  selection  of  a  pressurization 
system  for  a  particular  application.  However,  the  inherent 
high-density,  low-pressure  storage  of  the  pressurant  and  rela¬ 
tively  low  molecular  weight  of  the  gaseous  combustion  product 
produced  allows  the  design  of  a  highly  efficient  modular-type 
unit  that  can  be  adapted  to  a  variety  of  configurations.  Based 
on  the  extent  of  investigation  completed,  several  areas  of  ad¬ 
ditional  study  appear  warranted. 


A.  HYDROGEN  PRESSURIZATION  OF  AN  OXIDIZER  TANK 


Before  complete  development  of  a  common-ullage  MTI  pres¬ 
surization  system  can  be  attempted,  a  detailed  examination  of 
the  feasibility  of  hydrogen  pressurization  of  an  oxidizer  tank 
is  required.  The  use  of  hydrogen  as  a  pressurant  in  the  pres¬ 
ence  of  an  oxygen  atmosphere  is  particularly  important  in  cryo¬ 
genic  or  MTI  systems  due  to  the  capability  for  high-density 
storage,  Since  this  is  the  lightest  gas  available,  the  extent 
of  weight  reduction  may  be  desirable  if  methods  of  eliminating 
the  potential  hazard  can  be  identified.  On  completion  of  this 
feasibility-type  study,  an  extensive  investigation  of  techniques 
to  eliminate  a  flammable  reaction  inside  the  oxidizer  tank  with 
the  common-ullage  configuration  would  be  required.  In  addition 
to  the  present  method  developed  of  subsurface  cross-flow  gas 
impingement  with  storable  propellants,  further  study  of  ways  to 
eliminate  the  hypergolic  reactants  by  suitable  gas  conditioning 
methods  should  be  considered.  The  feasibility  of  common  ullage 
or  hydrogen  pressurization  of  cryogenic  systems  should  be  de¬ 
termined  in  view  of  currently  planned  propulsion  systems .  Final 
verification  of  systems  developed  would  then  be  subjected  to  a 
full-scale,  battleship-tank  test  program  in  an  isolated  area. 
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B.  INVESTIGATION  OF  OTHER  REAGENTS 


I£  generation  of  a  noncombustible  gas  or  elimination  of  haz¬ 
ardous  reactive  constituents  is  desired  in  a  flammable  pres- 
surant .  a  varietv  of  different  easeous  byproducts  van  Kc  achieved 
by  using  reactants  other  than  the  main  hypergolic  propellants. 
Several  possible  reactants  for  the  storable  propellants  investi¬ 
gated  are  presented  in  Table  II-4.  In  general,  heavier  gases 
would  be  evolved  by  reactants  other  than  the  storable  propel¬ 
lants;  however,  eliminating  undesirable  byproducts  may  offset 
this  disadvantage,  particularly  in  a  common-ullage  system.  Sys¬ 
tem  thermodynamics  and  propellant  contamination  would  be  ana¬ 
lyzed  in  addition  to  gas  composition,  preferably  on  a  small-scale. 


C.  MTI  WITH  OTHER  PROPELLANT  COMBINATIONS 


The  continual  search  for  high-energy,  high-density  liquid 
propellants  necessitates  advancing  pressurization  system  tech¬ 
nology,  Unique  problems  associated  with  the  MTI  process  con¬ 
cerning  reaction  mixture  ratios,  process  gas  composition,  and 
condensed  products  of  reaction  require  initiation  of  a  research 
program  when  promising  propellant  combinations  are  identified. 
Since  the  MTI  pressurization  process  is  applicable  to  both 
ambient-stored  and  cryogenic  propellants,  studies  should  be  ex¬ 
tended  beyond  the  effort  completed  under  AF04(611)-6087.  Be¬ 
sides  the  small-scale  primary  research  contemplated,  effort 
would  be  expended  on  a  performance  demonstration  with  hydrogen 
peroxide,  chlorine  trifluoride,  hybaline,  and  cryogenic  propel¬ 
lants  with  a  simulated  full-scale  test  article. 
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D.  Mil  THERMAL  GRADIENT  STUDY 


Successful  development  of  an  MTI  pressurization  system  re¬ 
quires  a  thorough  knowledge  of  gas,  liquid,  and  wall  temperature 
profiles.  The  antic  ip^ed  thermal  gradient  study  would  be  es¬ 
sentially  a  follow-on  to  a  test  program  similar  to  that  conducted 
under  AF04 (611) -8198  Phase  III.  Particular  emphasis  would  be 
placed  on  obtaining  oxidizer  tank  combustion  temperatures  and 
liquid  temperature  stratification  by  infrared  photography  tech¬ 
niques  to  supplement  ullage  temperature  data  previously  accumu¬ 
lated.  Wall  heat  distribution  data  would  he  obtained  during  the 
full-scale  system  test  by  temperature  indication  from  heat- 
sensitive  paint  and  color  photography.  Information  acquired 
would  be  used  to  est«hH«h  precise  internal  heat  transfer  film 
coefficients  to  aid  in  thermodynamic  analysis  of  space  vehicle 
applications. 


E.  MTI  WITH  THIXOTROPIC  PROPELLANTS 


In  addition  to  the  new  high-energy  liquid  propellants  pro¬ 
posed  for  MTI  pressurization  investigation,  the  semiliquid  gelled 
propellants  under  present  development  should  be  examined  for 
passible  application  of  an  MTI  pressurization  system.  Since 
many  of  Che  high-energy  thixatropes  employ  either  powdered  beryl¬ 
lium  or  aluminum  as  a  thickening  agent,  the  possibility  of  cor¬ 
ing  or  developing  large  sintered  particles  must  be  determined. 

The  anticipated  high  reaction  temperatures  associated  with  the 
type  of  propellant  and  reduced  natural  convective  cooling  inher¬ 
ent  in  the  high  viscosity  fluid  will  require  considerable  study 
to  assure  elimination  of  fuel  autoignition.  The  development  of 
an  MTI  pressurization  system  for  gelled  propellants  would  be 
particularly  advantageous  for  long-term,  zero-gravity  space  ve¬ 
hicle  applications .  Initial  experimental  work  would  require  con¬ 
siderable  small-scale  system  testing  to  establish  the  process 
feasibility  and  the  desirable  techniques  followed  by  a  full- 
scale  system  development  program  based  on  probable  future  applica¬ 
tions. 
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F.  MTI  ZERO  GRAVITY  PRESSURIZATION  ANALYSIS 


Before  an  MTI  pressurization  system  can  be  successfully 
applied  to  a  space  vehicle,  a  detailed  investigation  of  pressur- 

1 23.H1. Cm  SVSCCui  rCCUirCmCIltS  TT1USU  DS  Cr'Tnr*i— i-sd  ■!  nf*1  Iirti  no  miihI  vi  a 

ical  studies  with  a  relatively  short  tuli-scaie  ground  test 
program.  The  analytical  work  would  concentrate  on  heat  transfer 
encountered  in  space  with  the  resultant  pressurant  demand.  If 
continuous  pressurization  i3  required  during  a  zero-gravity 
coast  period,  considerable  analysis  of  propellant  orientation 
and  reaction  characteristics  would  be  required  to  study  the  fea¬ 
sibility  of  precise  pressure  control .  Studies  would  also  be 
made  concerning  response  characteristics  of  a  system,  initiating 
repressurization  just  before  engine  ignition  using  a  propellant 
orientation  device.  Included  in  this  program,  logically,  would 
be  an  investigation  of  possible  unique  configurations  to  elimi¬ 
nate  associated  zero-gravity  and  space  environment  cooling  prob¬ 
lems  . 
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APPENDIX  A 

PROPULSION  SYSTEM  OPTTMTZATION  PROGRAM 


The  Propulsion  System  Optimization  Program  is  an  analytical 
technique  for  determining  propulsion  system  weight  with  the  IBM 
1620  digital  computer.  The  program  computes  the  size  and  weight 
of  the  pressurization  system,  propellant  system,  and  engine  sys¬ 
tem  for  a  storable  bipropellant  configuration.  Propulsion  system 
mass  fraction,  impulse,  density,  and  ideal  velocity  increment  are 
also  computed.  Capability  is  provided  for  variation  in  thrust, 
total  impulse,  and  engine  design.  Since  spherical  propellant 

tanks  ate  assumed,  the  total  impulse  is  limited  to  1  x  107  lb- 
sec.  Ambient  stored  gas  pressurization  is  used  with  single-stage 
regulation. 

1.  Engine  System 

The  engine  system  computations  are  performed  in  two  separate 
areas.  The  first  area  Involves  the  calculation  of  the  engine  size 
from  both  theoretical  and  empirical  formulas.  In  the  second  area 
engine  system  weight  is  determined  based  on  empirical  data  and 
equations  derived  from  weight  data  on  existing  systems  and  in¬ 
fluence  parameters.  These  relationships  establish  the  total  en¬ 
gine  system  weight  for  a  regenera tively  cooled  engine  with  either 
gimbaled  or  fixed  vector  control.  Capability  is  also  provided 
for  selecting  a  gas-  or  pump-pressurized  propellant  feed  system. 

The  assumptions  used  for  engine  system  computations  are: 

1)  One  regeneratively  cooled  engine; 

2)  Combustion  chamber  efficiency,  t;c  ■  0.96; 

3)  Chamber  convergence  angle  »  30  deg; 

4)  Chamber  area  ■  five  times  the  throat  area; 

5)  Injection  pressure  drop  -  0.2  P  +  15, 

c 
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2.  Propellant:  System 

The  propellant  system  includes  the  propellant,  tankage,  and 
storage  valves  required  for  a  liquid  bipropellant  system.  Storage 
valve  size,  propellant  quantity,  and  tank  volume,  are  theoretical. 
Valve  weights  are  empirical  and  a  function  of  size.  Tank  thick¬ 
ness  is  based  on  allowable  hemispherical  stress  with  a  minimum 
thickness  established  by  manufacturing  limitations. 

The  assumptions  concerning  the  propellant  system  are: 

1)  Two  spherical  tanka j 

2)  5%  ullage  volume; 

3)  Overall  stress  factor  »  1.65; 

4)  Two  storage  valves  (AP  ■»  0.1  psi). 

3.  Pressurization  System 

Calculation  of  storage  container,  regulator,  and  vent  valve 
size  is  theoretical;  valve  weights  are  empirically  determined 
from  size.  Pressurizing  gas  requirements  are  determined  by  an 
adiabatic  energy  balance  with  provision  for  simulated  heat  trans¬ 
fer.  A  5%  margin  is  allowed  for  residual  unusable  pressurizing 
gas.  Mass  transfer  at  the  gas-liquid  interface  is  neglected. 

Tank  pressures  are  a  function  of  engine  chamber  pressure  for  a 
gas -pressurized  propellant  feed  system,  or  NPSH  of  a  turbopump 
system. 

The  assumptions  with  respect  to  the  pressurization  system  are: 

1)  Residual  gas  is  based  on  a  final  storage  container 
pressure  100  psi  above  regulated  pressure; 

2)  One  spherical  storage  container; 

3)  Overall  safety  factor  -  1.5; 

4)  Gas  required  includes  5%  margin; 

5)  Equal  propellant  tank  pressures; 

6)  Propellant  vapor  pressure  *  0. 
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APPENDIX  B 

suiMi'i: TtK.  PROGRAM  DESCRIPTION  ^OK  MTI  APPLICATION  STUDY 


1,  Heated  and  Unheated  Stored  Gas  Systems 

The  general  energy  equation  is  applied  to  the  heated  and  un¬ 
heated  systems,  with  internal  tank  heat  transfer  and  Joule- 
Thompson  effects  neglected.  These  assumptions  are  generally 
conservative,  since  heat  absorption  by  the  ullage  gas  occurs  and 
thus  reduces  pressurizing  gaB  requirements. 

The  heated  stored  gas  system  differs  in  that  auxiliary  heating 
(engine -originated)  of  the  pressurant  gas  is  applied  before  pro¬ 
pellant  tank  inflow.  Conservatively,  the  amount  of  heating  is 
assumed  sufficient  only  to  maintain  the  ullage  gas  temperature 
at  bulk  propellant  conditions.  The  effect  of  extended  space  stor¬ 
age  time  on  both  types  of  stored  gas  systems  is  considered  by 
accounting  for  gas  leakage  from  the  high-pressure  gas  valvea.  A 
leaktight  system  is  assumed  except  for  the  high-pressure  valves 
(four  per  system),  with  leakage  parameters  comparable  to  those 
experienced  by  superior  valve  designs.  Average  storage  pressures 
(measured  from  initial  to  final)  are  used  in  the  leakage  compu- 

(tations  over  the  total  space  storage  life.  Vaporized  propellant 
NjOA  is  determined  in  a  similar  manner  to  the  MTI  system. 

The  weights  of  valveB.  accessories,  hardware,  and  related 
fittings  are  obtained  by  empirical  factors,  and  are  proportional 
to  the  storage  container  size  with  a  prescribed  minimum  value. 
Storage  container  weights  are  computed  directly  using  a  high- 
strength  titanium  alloy  Ti-13CR-llV-3al . 

a.  Unheated  Stored  Gas  System 

The  total  system  weight  penalty  consists  of  the  followings 

1)  Stored  inert  pressurant; 

2)  Stored  inert  gas  to  cover  leakage; 

3)  Vaporized  oxidizer; 

4)  Storage  container; 

5)  Hardware,  valves,  etc. 
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Neglecting  heat  transfer  and  the  Joule -Thompson  effect, 
the  weight  of  initially  stored  inert  pressur&nt  is  ex¬ 
pressed  by  the  following  equation: 


W 


8Ci 


Vt* 


R  T 


sci 


^8cf_J3ci\ 

PSCi  ASCf  J 
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Initial  storage  pressure  of  3000  psia  and  a  final  storage 
pressure  of  200  psia  or  two  times  the  tank  pressure  (which¬ 
ever  is  larger)  is  assumed. 

The  amount  of  vaporised  oxidizer  is  computed  from 

empirical  equations  of  the  following  form! 


IB-2] 


Values  for  and  were  determined  empirically  from 

analytical  programs  considering  identical  mass  transfer 
processes.  These  were  found  to  vary,  principally  as  a 
function  of  burning  time,  and  to  a  lesser  extent,  as  a 
function  of  type  of  inert  gaB  and  gas  temperature.  Ex¬ 
ceptions  were  allowed  to  account  for  special  conditions. 
Namely,  the  amount  of  vapor  must  always  be  equal  to  or 
greater  than  the  amount  required  to  saturate  the  Initial 
ullage.  Furthermore,  for  extended  space  storage  times, 
the  vapor  is  determined  directly  from  a  saturated  total 
oxldiser  propellant  tank, 

Dalton's  Law  is  used  to  relate  the  partial  pressures  thus 
determined  for  a  gas  or  propellant  vapor  weight  penalty. 
Gas  leakage  across  the  four  high-pressure  valves  is  de¬ 
termined  from  basic  leakage  parameters: 

1)  i-in.  valve,  10  cc/hr  -  helium  gas  @  3000  psi,  related 
to  14.7  psia  and  60*F; 

2)  fc-in.  valve,  80  cc/hr  -  helium  gas  $  3000  psi,  related 
to  14.7  psia  and  60*F. 

The  size  of  the  valve  is  a  function  of  the  thrust  rating; 
however,  since  leakage  considerations  concerned  space 
vehicles  and  the  lower  thrust  levels,  the  fc-ln.  valve 
size  leakage  was  used. 
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C  *»  0.011  lb  /mo  for  helium 
t  m 

C„  =  0.0275  lbm/mo  for  nitrogen 


C  x  Storage  Time  /  P  .  ,  Pf.  ,  \  m  n 

Total  Leakage  -  - 5555 -  x(  ^.a.L±.  Jlnal  j  [B-3] 

Leakage  computed  from  Eq  [B-3]  is  related  to  a  stored  weight 

penalty  by  the  product  factor  / - —  - — ~ - \. 

I  ,  scf  sci 

II  ‘  P  Z  / 

\  sci  scf/ 

Storage  container  weight  is  calculated  from  thin-wall 
hoop  stress  formulas  for  internally  pressurized  spheres. 


j  m  Total  Mass  Inert  Gas 
sc  Initial  Gas  Density 


(1728)  (1.5)  ?lnltlaI  x  Vse  x  Safety  Factor 
” ~  (Stress/Density  Ratio) 


The  program  has  provisions  for  a  minimum  wall  thickness; 
therefore,  the  wall  thickness  dictated  by  stress  considera¬ 
tions  is  initially  computed,  and  the  container  weight  in¬ 
creased  accordingly  if  the  resultant  thickness  is  below 
the  minimum  value  established,  which  for  this  application 
is  0.02  in. 


The  weight  of  hardware,  valves,  lines,  and  accessories  is 
computed  as  20%  of  the  storage  container  weight,  with  a 
minimum  value  of  12  lb.  The  size  of  propellant  tanks  is 
based  on  a  mixture  ratio,  engine  expansion  ratio,  and  com¬ 
bustion  pressure  consistent  with  the  vehicle  mission- 
trajectory  and  feed  system,  as  indicated  in  Table  B-l. 
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Table  B-l  Propeliant  Taut  Si&ing  Factors 


Case 

■ 

Engine 

Mixture 

Ratio 

Engine 

Expansion 

Ratio 

Combustion 

Pressure 

(psia) 

Specific  Impulse 
■“) 

I 

Pump 

1.9 

3 

750 

277 

11 

Pump 

2.0 

12 

750 

277  to  288.8 

111 

Pressure 

2.0 

12 

o 

m 

i 

a. 

253  to  282 

IV 

Pump 

2.0 

12 

750 

277  to  288.8 

V 

Pressure 

2.0 

12 

PT  -  50 

253  to  282 

VI 

Pressure 

2.0 

40 

PT  -  50 

309  to  312.5 

VII 

Pressure 

2.0 

40 

PT  -  50 

309  to  312.5 

The  size  of  the  propellant  tanka  is  computed  by: 
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b.  Heated  Stored  Gas  System 


The  heated  stored  gas  system  program  is  essentially  the 
same  as  the  unheated  system  except  the  assumption  is  made 
that  the  heat  added  is  sufficient  to  remove  the  expansion 
and  work  cooling  effects  in  the  propellant  tank.  This  is 


(;)■ 


A  nominal 


the  same  as  if  Eq  [B-l]  were  multiplied  by 

amount  is  added  to  the  accessories  to  account  for  the  heat 
exchanger  weight.  Ho  penalty  is  introduced  for  bleeding 
heat  from  the  rocket  engine. 
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2.  MTI  Pressurization  System 

The  general  energy  equation  is  applied  with  heat  transfer  to 
lines  and  walls.  A  combustion  mixture  ratio,  and  thus  gas  product 
molecular  weight,  is  estimated  for  both  pressurizing  methods. 
Experience  gained  from  test  data  from  concurrent  pressurization 
programs  forms  the  basis  of  those  estimations.  Molecular  weight 
and  gas  temperature  variations  between  propellant  tanks  are  used 
to  account  for  line  heat  transfer  and  secondary  chemical  reactions 
occurring  in  the  nitrogen  tetroxide  propellant  tank.  The  effects 
of  extended  space  storage  time  on  system  performance  are  accountable 
by  assuming  gas  temperatures  cool  to  bulk  liquid  temperatures  coin¬ 
cident  with  a  net  increase  in  molecular  weight. 

The  total  system  weight  penalty  consists  of  the  following, 
where  applicable: 

1)  Pressurant  gas  reaction  products; 

2)  Vaporized  oxidizer; 

3)  Additional  main  propellant  tankage  to  store  pres¬ 
surant  reactants ; 

A)  Hardware,  lines,  control  valves,  etc; 

5)  Injection  system. 

The  weight  of  the  pressurant  gas  reaction  products  in  either  pro¬ 
pellant  tank  is  computed  by  the  equation  of  state: 


W 


g 
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Ullage  gas  temperature  and  molecular  weight  of  gas  products  are 
fixed  inputs  for  this  program.  At  the  present  time,  these  are  con¬ 
sidered  to  be  a  function  of  reaction  mixture  ratio  (XR),  secondary 
reactions  with  vaP°r»  an<*  tank-top  temperature.  The  respec¬ 
tive  values  for  this  program  are  tabulated  in  Table  B-2.  It  is 
recognised  that  adjustment  may  be  warranted  as  additional  test 
data  become  available, 
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Table  B-2  Inputs  for  MTI  Pressurization 


Case 

Tank  Pressure 
(psia) 

Fuel 

Oxidizer 

Remarks 

>R 

MW 

Tt 

C*») 

MW 

Tt 

(°R) 

I 

20  to  50 

SHI 

15 

350 

24 

760 

II 

20  to  50 

0.4 

15 

850 

24 

760 

III 

100 

0.4 

15 

900 

24 

800 

200 

0.4 

15 

950 

24 

850 

300 

0.4 

15 

1000 

24 

900 

IV 

20  to  50 

0.4 

20 

530 

24 

530 

>v 

K y. 

100  to  300 

0.4 

20 

530 

24 

530 

Mr 

S Space  Storage 

100  to  300 

0.4 

20 

530 

24 

530 

100  to  300 

20 

530 

24 

530 

The  amount  of  vaporized  oxidizer  is  computed  in  a  similar  man¬ 
ner  to  the  stored  gas  system.  Constants  in  Eq  [B-2]  vary  from  the 
stored  gas  values  to  account  for  minor  differences  in  mass  transfer 
rates.  The  resultant  partial  pressure  of  the  reaction  products 
in  the  oxidizer  tank  is  used  in  Eq  [B-8]  to  determine  the  re¬ 
spective  weight  penalty. 

The  rocket  engine  data  used  to  size  the  propellant  tanks  are 
identical  to  the  data  used  for  stored  gas  pressurization,  Table 
B-3.  However,  since  pressurant  propellant  storage  in  the  main 
propellant  tanks  is  assumed,  the  capacity  of  the  main  propellant 
tanks  must  be  enlarged.  This  in  turn  Increases  the  amount  of 
rea;tion  products  required,  as  well  as  the  vaporized  propellant 
penalty.  The  tank  weight  penalty  is  obtained  by  assuming  spheri¬ 
cal  storage  of  the  total  propellants  (both  engine  and  pressurant) 
when  ID  <  120  in.  For  larger  tank  volumes,  cylindrical  storage 
with  hemispherical  ends  is  assumed  with  the  ID  ■  120  in.  minimum 
and  an  L/D  ■  2.5. 

Volume  of  metal,  Vffl  ■  nD^  (t)  (sphere) 

V^  ■  (1  +  L/D)  (t)  (cylindrical  with 

hemispherical  ends) 
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Wall  thickness  is  determined  from  hoop  stress  considerations 
with  a  minimum  thickness  of  0.05  in.  assumed  for  the  high-strength 
aluminum  alloy  used  (maximum  stress  *»  25,000  psi).  The  actual 
weight  penalty  then  becomes: 

T.„U  Pen.ley 

computed  individually  for  each  propellant  tank. 

Associated  hardware,  lines,  and  control  valves,  such  as  ori¬ 
fices,  are  estimated  at  107.  of  the  total  reaction  gas  products 
with  a  minimum  value  of  12  lb. 

The  weight  of  the  injection  system  is  assumed  negligible  for 
pump- feed  systems,  and  27.  of  the  total  reaction  gas  products  for 
pressure- feed  systems. 

3.  Gas  Generator  Pressurization  Systems 

The  program  for  the  gas  generator  system  is  virtually  the  same 
as  the  MTI  program  except  that  gas  products  are  precooled  to  760°F 
by  an  auxiliary  heat  exchanger  before  they  enter  the  propellant 
tank  inlet.  No  penalty  is  introduced  for  cooling  the  pressurant 
except  that  the  accessory  weight  is  adjusted  to  account  for  the 
heat  exchanger.  Table  B-3  lists  the  respective  input  values  for 
this  program. 


Table  B-3  Inputs  for  Gas  Generator  Pressurization 


Case 

Tank  Pressure 
(psia) 

Hi 

Fuel 

Oxidizer 

Remarks 

■ 

MW 

Tt 

(•R) 

MM 

Tt 

C°R> 

I 

20  to  50 

0.09 

16 

760 

23 

760 

II 

20  to  50 

0.09 

16 

760 

23 

760 

III 

100 

0.09 

16 

760 

28 

760 

200 

0.09 

16 

760 

28 

760 

300 

0.09 

16 

760 

28 

760 

IV 

20  to  50 

0.09 

20 

530 

28 

530 

V 

100  to  300 

0.09 

20 

530 

28 

530 

VI 

100  to  300 

0.09 

20 

530 

28 

530 

Space  Storage 

VII 

100  to  300 

0.09 

20 

530 

1  28 

530 

V  x 
m 
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Associated  hardware,  lines,  gas  generator,  and  heat  pyrhanoer  arc? 
estimated  at  15%  of  the  total  reaction  gas  products  with  a  minimum 
value  of  12  lb.  The  weight  of  the  feed  system  for  the  gas  generator 
is  assumed  negligible  for  pump- feed  engines  and  2%  of  the  total 
reaction  gas  products  for  pressure- feed  engines. 


B-8 


RTD-TDR-63-1123 


APPENDIX  C 


Mil  PRESSURIZATION  SYSTEM  PROGRAM 


A  schematic  of  the  MTI  pressurization  system  as  considered  by 
this  analytical  model  is  given  in  Fig.  III-9.  The  system  consists 
of  a  single  propellant  tank  pressurized  with  combustion  gases 
generated  by  the  injection  of  a  hypergolic  reactant  during  pro¬ 
pellant  outflow.  The  flow  of  reactant  is  controlled  by  an  orifice, 
an  on-off  valve,  and  a  supply  pressure.  The  tank  gas  is  a  mixture 
of  three  components,  inert  gas  used  for  prepressurization,  propel¬ 
lant  vapors  that  may  be  dissociating,  and  comhnat- 1  on  gas  produced 
by  the  reaction.  This  mixed  gas  may  be  allowed  to  overflow  into 
a  secondary  tank  at  a  rate  proportional  to  the  combustion  gaB  pro¬ 
duction. 

A  pressure  switch  in  the  propellant  tank  controls  the  on-off 
solenoid  valve  to  maintain  the  tank  pressure  between  the  set  limits. 
Computations  are  made  over  small  time  increments  that  start  and 
end  at  times  of  valve  actuation,  bb  well  as  at  specified  intervals. 
Valve  actuation  times  occur  at  a  specified  interval  after  the  tank 
pressure  reaches  the  high  or  low  switch  setting.  The  reactant 
flow  may  also  be  terminated  at  any  specific  time  and  the  tank  pres¬ 
sure  allowed  to  decay. 

The  combustion  gas  is  produced  and  propellant  is  consumed  in 
proportion  to  the  reactant  flow  rate.  The'  proportions  depend  on 
the  assumed  effective  burned  mixture  ratio  based  on  test  data. 

The  combustion  temperature,  the  molecular  weight,  and  specific 
heat  of  the  combustion  gas  also  depend  on  this  ratio.  The  combus¬ 
tion  between  propellant  and  injected  reactant  is  assumed  to  occur 
primarily  in  a  relatively  well-defined  zone  at  the  liquid  surface. 
The  size  of  this  zone  is  proportional  to  the  volume  of  combustion 
gases  produced.  Mass  transfer  from  the  liquid  in  the  combustion 
zone  is  assumed  to  be  just  sufficient  to  furnish  propellant  for 
the  reaction.  Heat  transfer  from  the  hot  gas  to  the  liquid  re¬ 
duces  the  combustion  gas  temperature  before  it  mixes  with  the  bulk 
gas.  This  heat  transfer  is  obtained  by  a  simplified  forced  con¬ 
vection  relationship. 

Heat  transfer  occurs  between  the  bulk  gas  and  the  adjacent 
tank  wall.  Both  heat  and  mass  transfer  take  place  between  the  bulk 
gas  and  the  liquid  at  the  noncombustion  surface.  These  rates  de¬ 
pend  on  simplified  gas  phase  free  convection  and  diffusion  rela¬ 
tionships.  Liquid  side  heat  transfer  is  obtained  by  a  heat  balance 
at  the  surface.  External  tank  wall  heat  transfer  is  not  considered. 
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An  explanation  of  the  basic  equations  employed  in  the  mathe¬ 
matical  model  are  contained  below. 

1.  Reagent  Consumption  and  Gas  Generation 

During  the  time  interval  when  the  propellant  tank  pressure  is 
less  than  the  input  minimum  the  injector  is  on  and  the  reagent 
flow  rate  is: 


K  '  \  Cdv  12S8*=  *  (PRS  -  PGET)]% 

where 


Av  “  injector  orifice  area  (sq  ft) , 

Cdv  ■  discharge  coefficient, 

P  -  reagent  supply  pressure  (psia), 

RS 

PGPT  "  ProPellant  tank  8aa  pressure  (psia). 

The  total  weight  of  reagent  consumed  during  the  propellant  expul¬ 
sion  is: 

WT  “2X  lC'21 


where 


t  »  time  that  the  injector  1b  one  (sec)  . 

The  amount  of  propellant  used  is: 

^LR  "  *CR  ’  *R  0r  W»T  =^-(”cR  ‘  \)  1 


where 


W  ■  gas  generation  rate,  defined  as 
CR 

wcr“mr  <X+1)/X’ 
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The  reaction  mixture  ratio,  X,  is  the  oxidizer-to-fuel  ratio  of 

the  reaction  process.  If  the  fuel  is  the  reagent,  the  reciprocal 

of  X  must  be  used:  X  =  W_  W  . 

R  LR 


2.  Gas  Properties 

The  significant  gas  properties  required  to  compute  ullage  gas 
characteristics  have  been  reduced  to  the  following  equations: 


1)  Propellant  Vapor  Pressure 


P  t3  O 
rVPT 


(cpvp1  "  cpvp2  /tlpt) 


IC-4] 


where 

C 


PVP, 


8re  specific  heat  constants  for  the  pro- 


1  »2 
pellant, 


and 


TLPT  iB  temPeratute  the  1  iquld  ( °R)  ; 

2)  Vapor  Dissociation 

hvme(C™vJrcn~C™h) 


[C-5] 


where 

CVBV  are  vapor  dissociation  constants  for  the 
KPV1,2 
propellant, 


and 


TQpT  is  the  temperature  of  the  gas  (°R); 


3)  Propellant  Vapor,  Constant  Volume  Specific  Heat 
cw  -  ccpVl  +  CCPV2  tgpt -C1-987/mwvp)  + 

+  dadtv  dmd 


tC-6] 
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where 

dadtv  =  (ckpv1  '  tgpt)(\pt  '  \vt2)/(2  "  ^/pt) 
tgpt2 

and 

\pT  0  +  4KPV  PVPt)’ 

4)  Combustion  Products,  Specific  Heat 


r  ”»  r  +  r  t 
PC  CPC:  CPC2  GPT 


[C-7] 


and 

CVC  •  CPC  -  1*987/1«CP- 

3.  Mass  Transfer 

The  mass  transfer  at  the  propellant  surface  is  computed  from 
the  simplified  relationship: 

^vsp  “  cvsp  (pvlp  "  pvpt)/(pgpt  '  pvlp)  [(tgpt ’  tlpt)/tgpt]  ^C’8^ 

where 

C^gp  combines  the  gas  diffusivity  and  other  influencing  fac¬ 
tors  . 

4.  Heat  Transfer 

Heat  transfer  characteristics  at  the  tank  wall  and  liquid  sur¬ 
face  have  been  reduced  to  the  following  relationships: 

•  1  333 

for  the  tank  wall,  QWG  -  A„  (T^  -  '  , 

and  for  the  liquid  surface,  QpSG  -  CHL  ^  (TipT  -  T^)1’25 
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where  Liie  C„  terms  combine  the  free-convection  coefficient  with 
H 

the  gas  properties  in  the  Prandtl,  Grashoff,  and  Nusselt  numbers 
as  they  occur  in  the  free-convection  correlation. 

Heat  transfer  from  the  combustion  stone  to  the  liquid  propel¬ 
lant  is  similarly  calculated  as  follows: 

V  ■  CHC  *c  (Tc  -  Tm)  lc-10' 


where  C  _  combines  the  forced-convection  coefficient  with  gas  ve- 
HC 

locity  and  physical  properties.  All  areas  are  in  sq  ft. 


5.  Heat  Balance 

Gas  temperature  change  rates  are  computed  from  an  energy  bal¬ 
ance  on  the  system  which  reduces  to  the  following  equation: 

*GFT  *  [^PTG  +  SsC  +  \TCPI  (S/Ft/^VF  +  “iFT /mi)  *  ”cR  HCR  ‘ 

-  ”ci  “cn  •  ”cn  CgFI  •  VcFI  /™CF)  +  1WGFT  W'l/ 
WGPX  CVGPT* 


tc-ll] 


6.  Gas  Molecular  Weight 

The  change  in  gas  molecular  weight  due  to  the  dilution  of  the 
initial  pressurizing  gas  with  propellant  vapors  and  combustion 
products  is  computed  as  follows: 

MW„ __  »  -  W--_  (vL^/MW  _  +  W  /  MW  +  w_  /Mw.wy* 

GPT  GPT/  i-t  GPT  GPT  V  CPT  /  CP  VPT  /  VP  PT  I  l)f  Li 


l C -12  ] 


7.  Propellant  Tank  Pressure 

The  rate  of  change  in  gas  pressure  is: 

^GPT  “  PGPT  (^GPt/MGPT  +  *GPt/TGPT  +  \pt/VGPT  '  ““gPT  /  ^GPt)'  lC'131 
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8,  Final  Conditions 

The  final  liquid  conditions  are  computed  from  the  following 
relationships: 

* 

TLP  “  (^RL  ‘  QFSG  “  WVSP  DHVp)(WLP  CPLp)’ 

WLP  =WLP<N  ‘  'V* 

VLP  “  WLp/PLP‘ 


The  final  gas  conditions  ere  determined  aa  follows: 


TGPT  “  TGPT  (N  "  ^  "  ^CPl^6 


W„ 

GPT  VPT  IPT  CPT 


VGPT  "  VPT  "  VLP 

^GPT  “  WGPT  /(WIPt/MW  1  +  W*C?  +  V/^V p) 
PGPT  ”  Ru  TGPt/  144  ^GPT  VGPT’ 


[C.-14] 


[C-15] 
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APPENDIX  D 

PROPELLANT  TASK  ULLAGE  GAS  DILUTION  COMPUTER  PROGRAM 


The  computer  program  described  here  has  been  formulated  on  the 
IBM  1620  for  the  interpretation  of  single  or  dual  propellant  tank 
ullage  gas  test  data  for  an  inert  oxidizer  and  a  nonvolatile  fuel. 
Analysis  of  the  properties  of  the  MTI  combustion  gas  and  interpreta¬ 
tion  of  test  results  is  complicated  by  the  fact  that  the  ullage 
gas  mixture  concentration  is  time  variant.  During  the  Phase  I 
tests,  an  unusually  large  amount  of  prepressurizing  inert  gas  in 
the  fuel  tank  is  prescribed  for  safety  considerations.  Conse¬ 
quently  the  diluting  effect  of  the  inert  gas  is  significant  and 
must  be  considered  in  all  computations.  Furthermore,  the  pres- 
surant  gas  in  the  fuel  tank  is  continuously  bled  for  pressurizing 
the  oxidizer  tank  and  for  gas  sampling,  resulting  in  a  continual 
change  in  the  dilution  rate  of  the  inert  gas  in  each  tank.  Valid 
test  data  interpretation  demands  a  precise  analytical  representa¬ 
tion  of  the  gas-mixture  concentration  history  in  both  tanks  and 
determination  of  total  quantity  of  combustion  gas  generated. 

The  solution  of  this  problem  is  achieved  by  performing  a  mass 
bslance  on  the  MTI  common  ullage  pressurization  system  to  effect 
a  constant  pressure  process.  Computations  are  made  on  an  incre¬ 
mental  time  basis  to  determine  the  quantity  of  combustion  gas  re¬ 
quired  to  maintain  the  pressure  of  each  tank,  considering  gas  cross 
flow,  with  gas  sample  bleed  and  propellant  outflow. 
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To  complete  this  solution,  certain  simplifying  assumptions 
must  be  made: 


1)  lank  pressures  are  constant; 

2)  The  change  in  volume  due  to  reaction  or  condensation 
is  insignificant; 

3)  No  propellant  vaporization  occurs  during  the  run; 

4)  The  molecular  weight  of  the  added  combustion  products 
is  constant  with  time; 

5)  The  gas  mixture  is  homogeneous. 


Since  the  ullage  gas  temperature  histories  must  be  known, 
these  are  approximated  (based  on  average  test  results)  by  a  sim¬ 
ple  function  of  time: 


T 

P 


[D-l] 

[D-2] 


The  total  volume  change  from  either  tank  due  to  propellant 
outflow,  for  this  constant  engine  thruBt  application,  Is  known 
and  is  expressed  by: 


ID-3] 


ID-*] 


For  variable  thrust  applications,  ft  »  6  (t)  can  be  substituted. 


In  addition  to  propellant  outflow,  bleed  from  the  fuel  tank 
for  gas  sampling  must  be  considered.  Sampling  flow  passes  through 
a  sharp  edge  orifice  that  is  expressed  by  the  following  equation: 
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where 

~  7+1/ 7-1 

7+1 

C,  *=  0.60 
d 


The  function,  K?)  does  not  vary  significantly  for  reasonable 
ranges  of  (7).  [From  1.25  i  y  S  1,4,  <J>(7)  varies  less  than  57.]. 
Consequently  4(7)  ■  0.628  (based  on  7  =  1.35)  can  be  used  with 
negligible  error.  For  a  throat  size  of  0.025  inch,  the  flow 
equation  reducoB  to: 


[0-6] 


As  indicated  previously,  the  calculation  will  be  accomplished 
on  a  step-by-8tep  basis  beginning  at  time  ■  0  to  time  of  shutoff, 
A  time  increment  of  1  sec  is  used.  Gas  conditions  of  the  pre¬ 
ceding  time  interval  become  the  initial  conditions  for  the  next 
increment  under  evaluation.  At  a  given  time  (n)  the  computation 
procedure  is  as  follows: 


1 ■  Secondary  Tank 

The  net  volume  cross-flow  to  the  secondary  tank  is: 

dV  /  T  „  \/  dV  \ 

Q  -  V.  +  n  -  (  — -*»•-  ](v.  +  (n-1)  ~) 

s-n  i-8  dt  \Ts,n-l /\i,S  dt  / 


[D-7] 


where  T  and  T  ,  are  computed  from  Eq  [D-2], 
s,n  s,n-l  r  1 

The  corrected  total  volume  of  the  initial  pressurizing  gas 
in  the  secondary  tank  becomes: 


V 

Pg.s.n 


pg,s,n-l  T 


s  ,n-l 


+  Q 


MF 

s,n  Pg,  p,n-l 


[D-8] 
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The  mole  fraction  of  the  initial  pressurizing  gas  In  the  second¬ 
ary  tank  can  now  be  determined. 


MF 

Pg.P.n 


V 

-BS.iSjJ. 


V 


i,8 


+  n 


dV 

_ s 

dt 


[D-9] 


The  molecular  weight  of  the  ullage  gas  mixture  in  the  second¬ 
ary  tank  is  expressed: 

MM  =  MF  MW  +/1-MF  \  MW  [D-10] 

u  pg.s.n  pg  ^  pg>s,nj  cp 

2.  Primary  Tank 

The  net  gas  flow  volume  leaving  the  primary  tank  is  the  sum 
of  the  sampling  gas  bleed  volume  and  the  secondary  tank  cross- 
flow  volume  corrected  to  the  conditions  in  the  primary  tank. 

Equation  [D-l]  expresses  the  gas  temperature  T 

p,n 


Equation  [D-6]  gives  the  bleed  flow,  Q.  for  a  time  increment 
of  1  sec:  b,P 


Q 


b,p 


(At) 


The  net  volume  outflow  (to  the  secondary  tank)  corrected  to 
primary  tank  conditions  is , 


Q  =Q 

8  ,p,n  ^s,n\  P  T  / 
\  c,p  s ,n / 


The  total  net  volume  outflow  from  the  primary  tank  is, 

0  -  Q.  +  Q 

^t,p,n  b,p,n  s,p,n 

The  new  volume  of  pressurizing  gas  in  the  primary  tank  is, 
T 

V  “  — I  v  -  MF  0  \ 

Pg.P.n  Tp>n.j  \  P8>P,n“l  P8»P»n-l  xt,p,n  ) 
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Calculations  are  repeated  for  all  time  intervals  until  the  shut¬ 
off  time  is  reached. 


D-5 


RTD-TDR-63-1123 


APPENDIX  E 


Mil  PRESSURIZATION  SYSTEM  THERMODYNAMIC  ANALYSIS 


Full-scale  system  operating  temperature  predictions  have  bean 
based  on  an  analysis  of  the  small-scale  system  thermodynamic  proc¬ 
ess.  This  technique  involves  the  solution  to  the  general  energy 
equation  without  secondary  reactions.  By  assuming  various  final 
gas  ullage  temperatures,  iterative  process  is  used  to  achieve 
a  satisfactory  heat  balance.  Since  small-scale  system  heat  trans¬ 
fer  coefficients  have  been  established  by  analyzing  acquired  test 
data,  the  interrelationship  of  the  thermodynamic  processes  can 
be  determined  and  computation  time  reduced.  Complications  result¬ 
ing  from  secondary  reactions  have  not  been  considered  here  since 
an  MT1  pressurization  system  mathematical  model  now  being  assembled 
will  provide  a  more  satisfactory  solution.  The  configuration 
studied  in  this  analysis  is  described  below. 

6)  T  »  143  Bee; 

7)  P  ■  36  psia; 

Af 

8)  Vi  ■  14  cu  ft; 

□ 

9)  V£  -  260.3  cu  ft. 
o 


Tables  E-L  and  E-2  describe  the  gas  mixture  properties  believed 
to  represent  the  MTI  process. 


1)  V.  -  61.8  cu  ft; 

lf 

2)  V__  -  260.3  cu  ft; 

rr 

3)  W.  -  78.3  lb  /Bee; 

r  m 

4)  Df  =8  ft; 

5)  tf  -  0.075  In. 

(average 

aluminum 

wall 

thickness); 
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Table  E-l  Phase  I  Research  Tests  ( MW  -14 

\  =P 


Average  f 

Pin 

Fuel 

Oxidizer 

Fuel 

Oxidizer 

Tank 

Tank 

Tank 

Tank 

MW  (lb  /lb-mole) 
m 

10.5 

7.0 

12.4 

9.9 

C  Btu/lb  °R 
p  m 

0.627 

0.87 

0.569 

0.72 

u  x  10^  lb  /ft  sec 
m 

1.14 

1.097 

1.13 

1.087 

k  x  105  Btu/sec  ft  °R 

2.442 

2.337 

2.432 

2.300 

N 

0.293 

0.446 

0.265 

0.34 

pr 

C  -  Btu/lb  °R 
v  m 

0.439 

0.586 

0.41 

0.52 

7 

1.43 

1.485 

1.388 

1.385 

Table  E-2  Phase  HI  System  ^MW^  “  16 


_ Eina 

1 

Fuel 

Tank 

Oxidizer 

Tank 

■w 

Oxidizer 

Tank 

MW 

12.04 

-- 

14.7 

11.1 

C 

P 

0.622 

-- 

0.566 

-- 

H  x  105 

1.14 

-- 

1.13 

-- 

k  x  105 

2.45 

2.436 

-- 

N 

pr 

0.289 

— 

0.263 

-- 

C 

V 

0.457 

— 

0.431 

— 

7 

1.36 

— 

1.313 

— 

Note ;  Two-tank  system  ■  -24.47.  fuel  ullage  initial,  57.  oxidizer 
ullage. 
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1,.  General  Energy  Equation 

For  the  full-scale  system  with  a  water -filled  secondary  tank, 
the  general  energy  aquation  for  the  fuel  tank  may  be  described 
as  follows: 


uf-ui 


H  -H 
c  o 


PdV 


-  £Q, 


where, 


Initial  internal  energy 


Ui  '  Wi  Cvi  ‘i 


72  Btu; 


Final  Internal  energy 


[E-l] 


[E-2] 


Pf  <>*>£  Vf  Cvf  Cf  55A°  Cf 
10.72  T,  "  T 


Btu; 


Lb-33 


Oxidizer  tank  demand 
H 


2W  C  t -  *  0.6  t  -  BkU. 
opr  t 


In  the  absence  of  secondary  thermochemical  reaction,  an 
average  MW  of  11.1  at  a  6Q°F  temperature  1b  estimated, 

MW 


where 


EW 


_/P o  Vo 
W(  10.72 


[E-4] 


IE-3] 
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and  M  ■  0.8523  (final  weight  fraction  of  combustion  products  in 
oxidizer  tank) 

Fuel  tank  energy  demand 


but 


therefore 


H  -  2W  C  tt, 
c  cp  p  f’ 


2W  =  2W  +  TV.  =  17.84  + 

CP  °  f  Tff 


H  =  1380 
c 


/iMM  t  15.«\ 


Btu 


Expulsion  work 


PdV 

~r 


1330  Btu. 


[E-6] 


IE-7] 


Substituting  in  the  general  energy  equation, 

Q  -  21,350  +  ■  *-- 6  -  9.6  t  -  |S42.  t 

f*  tf 


[E-8] 


Equation  (E-8]  is  plotted  in  Fig.  11-4  as  noted  for  the  two-tank 
system. 

For  single  fuel -tank  tests,  Eq  (E-8]  simplifies  to 


Q 


11  x  106 


1258 


IE-9] 


This  is  also  shown  in  Fig.  II-4. 

2.  Heat  Transfer  to  Walls 

From  free -convection  formulas, 


in  turbulent 


region  ( N 

V  Gr 


N  \  >  109 
prj 


But 


Nu 


0 

P 


°'l4(V"Pr)1/3> 

0.1.  k/p2  «„  » 

D  \  .2 


10.72 


1 

T 


(E-10] 
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Baaed  on  average  gas  conditions  during  the  run,  and  to  account 
for  the  influences  of  some  degree  of  forced  correction,  increase 
coefficient  by  5.555  i.e. 


h 


gw 


3350  (T  -  Tv) 
Tf 

w 


1/3 


Btu/hr-sq  ft  #R. 


[E-ll  ] 


The  wall  surface  area  exposed  to  ullage  gas  was  integrated  over 
the  total  firing  cycle  and  the  average  area  exposed  calculated: 
■  118  sq  ft.  Therefore, 


n  „  SW  w  l  w/ 
ww  3600  T 


15700  (f  -  tJ4/3 


IE-12] 


3.  Heat  Transfer  Across1  Liquid  Interface 

The  heat  transfer  rate  across  the  gas/liquid  interface  was 
controlled  by  both  the  gas-side  and  liquid-side  film  coefficients. 


In  actuality,  the  heat  transfer  across  the  gas/liquid  inter¬ 
face  is  considerably  lower  than  calculated}  however,  with  the 
limited  information  available  on  the  combustion  process,  this 
technique  was  considered  the  best  representation  to  allow  pre¬ 
diction  of  full-scale  system  performance. 


For  both  films,  the  free  convection  coefficient  was  deter¬ 
mined  by 


Nu  ■  °'U  ("or”*) 


1/3 


For  the  gas: 


,1/3 


(603)  , 

h  .  -  - r-i — Btu/hr  ft2  *R 


IE-13) 


tE-14] 
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For  the  liquid: 


h  =  (0.14)  It 
LL 


fg  PP2 

L  H 


AT 
Pr  liq 


1/3 


1/3  2 

-  25.2  (ATU  )'  Btu/hr  ft  <*R 


IE-15] 


To  account  primarily  for  the  influences  of  mass  transfer,  the 
film  coefficients  are  increased  by  28. 


Therefore, 


V  ‘  ls',!0 

L 


1/3 


IE-16] 


\  “  700  (Tliq) 


1/3 


[E-17] 


But 

ATgas 

and 

(hgL)  ATgas 

C,  .  *  AT  _  ,  *  T  -  T, , 

liq  total  liq 


Solving  these  equations  simultaneously  yields: 

f  -  ? ' 


AT 


liis. 


808  1  +  ^74 
<*») 
f  -  T 


AT 


liq 


iiSL 


1  + 


(TfL> 


3/4 


10.8 


[E-18] 


IE-19] 


The  overall  film  coefficient  across  the  liquid  interface  be¬ 
comes 


0  - 


XTX’ 

hgL  hLL 
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and  the  total  heat  transferred  (convection  only)  based  in  a  time- 
integrated  average  exposed  area  or  44. 1  sq  rt  becomes: 

Qliq  -  1‘75U  (f  -?liq)BtU-  [E‘20] 

Research  tests  on  the  KTI  system  indicate  nonhomogenous  gas 
temperatures,  and  gas  temperatures  near  the  liquid  surface  are  _ 
approximately  507.  of  the  upper  gas  temperature.  Consequently,  T 
should  be  adjusted  accordingly. 

4.  Total  Heat  Transferred  from  Pressurant 


Excluding  the  heat  from  mass  transfer,  this  value  becomes 

-  % +  w 

5.  Determination  of  Wall  Temperature  Rise 

For  negligible  temperature  gradients  in  the  wall,  a  heat 
balance  at  the  wall  results  in 


V  [?  -  %}  -  ^  K  [T«  • *.]  Vh»" bkS  (5 '  Tu,)-  [E-“' 

where  the  last  term  of  the  equation  identifies  the  heat  flow  rate 
conducted  through  the  wall  to  the  propellant. 

Noting  that  V  »  A  ft)  cu  in.  of  wall  material, 

w  W 

2  2 

=>  x  (t) ,  the  product  of  surface  and  perimeter 
of  wall  cross  section,  and 


Initial  conditions  were  ambient. 

Since  linear  temperature  histories  are  assumed,  the  resultant 
equation  becomes: 


AT. 


wall 


(l  -  a/h  \/t  -  T  \ 

A _ qi  8Llnal  -  .  it  . 


IK-23] 


gw 


gw 
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where, 


and 


& 


oct . 

T 


Figure  II -2  shows  the  predicted  tank  wall  heating  as  a  function  of 
the  gas  temperature  rise, 

6.  Determination  of  Liquid  Temperature  Rise 

This  calculation  is  to  permit  rapid  determination  of  bulk 
temperature  rise  to  evaluate  film  coefficients  and  average  tem¬ 
perature  gradient.  In  this  manner  the  heat  transferred  across 
the  liquid  Interface  can  be  easily  checked  in  a  rapidly  converg¬ 
ing  trial  and  error  solution. 

IQ  -  ;  WCp  dT,  IB-2M 

since,  wf  -  constant,  and 


W  “  w initial  ‘  wf  (T)* 


A.  linear  temperature  hlBtory  is  assumed.  This  will  introduce 
some  error  that  will  bo  adjusted  if  necessary. 

T  ■  T.  ,  .  ,  +  T  (t) 
initial  ' 

dT  ■  T  dt 

Substituting  in  Eq  [E-12]  gives: 


£Q  -  C 


I  ("inltUl  -  4  ’)* 


Integrating  with  T  assumed  constant, 


IQ  -  C  1  T 
P 


*  -  ¥)• 


[B-25] 
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1  Tfinal  "  Tinitial  . 

But  T  a  .  — T -  • 

Therefore , 

“>  ■  S  [^Initial  -  ¥]  (Ttta.l  -  T  initial)"  IE" 

Since  this  value  includes  the  heat  from  mass  transfer  and  wall 
conduction,  these  must  be  estimated  before  Eq  [E-26]  can  be  used 
to  obtain  the  bulk  liquid  temperature  rise. 

Figure  11-3  presents  the  temperature  rise  of  the  bulk  liquid  as 
a  function  of  the  total  heat  absorbed.  Alao  shown  ia  the  tempera¬ 
ture  rise  of  the  wail  as  a  function  of  retained  heat. 
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APPENDIX  F 


IBM  7094  MTI  MATHEMATICAL  MODEL 


This  program  calculates  the  transient  conditions  during  opera¬ 
tion  of  an  MTI  (main  tank  injection)  propellant  pressurization 
system  (Fig.  F-l).  The  system  provides  tank  ullage  pressure  by 
injecting  a  hypergolie  reactant  into  a  propellant  tank  to  generate 
gaseous  combustion  products.  Tanks  may  be  pressurized  independ¬ 
ently,  or  two  tanks  may  be  pressurized  in  series  with  ullage 
gas  from  the  primary  tank  used  to  pressurize  the  secondary  tank. 

In  this  case,  the  program  considers  any  additional  reaction  that 
may  occur  in  the  secondary  tank.  Although  the  program  is  intended 
to  analyze  the  MTI  pressurization  system,  proper  selection  of 
input  data  will  provide  simulation  of  a  stored  gas  pressurization 
system. 

Both  the  size  of  the  combustion  zone  and  the  reaction  are 
affected  by  reactant  flow  rate  and  the  injection  technique.  Al¬ 
though  the  primary  tank  reaction  occurs  in  the  liquid,  any  second¬ 
ary  tank  reaction  may  take  place  either  in  the  ullage  or  the 
liquid.  Mass  transfer  in  the  combustion  zone  is  juBt  sufficient 
to  provide  propellant  in  the  desired  reaction  mixture  ratio.  The 
composition  and  temperatures  of  the  combustion  products  are  based 
either  on  empirical  data  or  theoretical  equilibrium  calculations. 

Injection  of  reactant  into  the  primary  tank  may  be  controlled 
by  a  pressure-actuated  on-off  valve  or  by  a  constant-flow  orifice. 
For  constant-flow  operation,  a  time  increment  is  an  input,  and 
transient  conditions  are  calculated  at  the  end  of  each  interval 
until  shutdown  occurs.  For  cyclic  on-off  operation,  a  high  and 
low  pressure  value  for  the  primary  tank  is  an  input,  and  the  de¬ 
pendent  time  interval  is  calculated  for  either  pressure  decay  to 
the  low  level  or  pressure  generation  by  reaction  to  the  high 
level.  The  time  and  transient  conditions  are  calculated  at  the 
end  of  each  interval  until  shutdown  occurs. 

If  two  tanks  are  pressurized  in  series,  gas  crossflow  may 
occur  only  from  the  primary  to  the  secondary  tank,  and  then  only 
if  the  primary  tank  ullage  pressure  is  sufficiently  above  the 
ullage  pressure  in  the  secondary  tank.  The  crossflow  is  just 
sufficient  to  maintain  a  specific  pressure  in  the  secondary  tank, 
and  no  heat  loss  or  pressure  drop  effects  of  the  transfer  line 
are  considered.  Pressure-sensing  points  may  be  either  at  tank 
top  or  bottom.  If  at  bottom,  the  pressure  is  the  sum  of  ullage 
gas  pressure  plus  propellant  head. 
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Heat  is  transferred  by  convection  between  the  gas  the  adjacent 
tank  wall,  the  liquid  and  the  adjacent  tank  wall,  the  outside  wall 
and  the  adjacent  atmosphere,  and  across  the  tranquil  portion  of 
the  gas-liquid  interface.  For  subsurface  reaction,  heat  transfer 
is  also  considered  between  the  combustion  zone  and  the  liquid. 
Evaporation  and  subsequent  vapor  dissociation  can  be  treated  in 
either  tank,  with  heat  and  mass  transfer  across  the  ullage  gas- 
liquid  interface.  Provisions  for  a  sample  bleed  have  been  in¬ 
cluded  on  both  tanks  to  duplicate  conditions  encountered  in  ground 
test  experiments. 

A  general  outline  of  the  analytical  model  sequence  of  compu¬ 
tations  is  shown  in  Fig.  F-2.  More  specific  details  of  the  cir¬ 
cuit  logic  are  schematically  represented  in  Fig.  F-3,  Additional 
program  details  are  contained  in  the  following  paragraphs. 


A.  PROGRAM  QUALIFICATIONS 


1.  Assumptions 

The  following  assumptions  were  made  to  simplify  the  mathemat¬ 
ical  relationships  used  In  the  Analytical  Model  of  a  Main  Tank 
Injection  Propellant  Pressurization  System: 

1)  The  ideal  gas  law  applies  to  constituents  of  the  ull¬ 
age  at  all  times; 

2)  The  ullage  is  considered  homogeneous  at  all  times  with 
regard  to  mixing  and  temperature; 

3)  The  tank  wall  adjacent  to  the  ullage  is  considered  to 
be  at  an  average  bulk  temperature  at  any  time; 

4)  The  propellant  is  considered  homogeneous  at  all  times 
with  regard  to  mixing  and  temperature; 

5)  The  tank  wall  adjacent  to  the  propellant  is  considered 
to  be  at  an  average  bulk  temperature  at  any  time; 

6)  Propellant  vapor  partial  pressure  is  considered  to  be 
some  temperature-dependent  fraction  of  the  saturated 
vapor  pressure; 
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Fig.  1-2  General  Logic  Sequence 
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7)  Propellant  properties  of  heat  capacity  and  density  are 
considered  to  be  linear  functions  of  temperature; 

8)  Linear  interpolation  is  used  on  all  tabular  input. 

2.  Options  (binary  code  meaning  assignments) 


opad 

Additional  Data 

0  «  No  1  =  Yes 

OPBP 

Bleed,  Primary  Tank 

0  =  Mo  1  =  Yes 

OPBS 

Bleed,  Secondary  Tank 

0  =  No  1  »  Yes 

OPCS 

Combustion,  Secondary  Tank 

0  »  No  1  «*  Yes 

0P1P 

Reagent  Injection,  Primary  Tank 

0  B  Constant  Flow  1  -  Pulse  Flow 

0P1S 

Crossflow  Injection,  Secondary  Tank 

0  ■  Into  Ullage  1  ■  Into  Liquid 

OPPCP 

Pressure  Control,  Primary  Tank 

0  »  Ullage  Pressure  1  *»  Ullage  Pressure 

Propellant  Head 

Plus 

OPPCS 

Pressure  Control,  Secondary  Tank 

0  ■  Ullage  Pressure  1  =  Ullage  Pressure 

Propellant  Head 

Plus 

OPTNK 

Tanks 

0  ■  Primary  1  =  Primary  Plus  Secondary 

OPVDP 

Vapor  Dissociation,  Primary  Tank 

0  -  No  1  »  Yes 

OPVDS 

Vapor  Dissociation,  Secondary  Tank 

0  =  No  1  ■  Yes 

F-5 


Fig,  F-3  Detailed  Logic  Sequence 
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fl«.  F-J  (cant) 

F-8 


PI*.  P-1  (CflBt) 
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Fig.  F-3  (cone) 
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B.  PROGRAM  INTERNAL  OPERATION  SEQUENCE 


1.  Initial  Conditions  (Fig.  F-2  and  F-3) 

After  reading  the  input  data,  initial  conditions  of  the  system, 
such  as  gaseous  composition  of  the  ullage,  are  calculated.  Ini¬ 
tial  settings  are  made  for  a  system  at  time  aero  (no  previous  MTI 
reaction) ,  and  specific  constants  to  control  the  injector  and 
printout  are  determined. 

If  required,  use  of  the  option  for  additional  data,  OPAD, 
permits  additional  input  at  this  time  to  override  specific  initial 
conditions  as  determined  in  the  program.  As  an  example,  the  pro¬ 
gram  sets  the  temperature  of  the  tank  adjacent  to  the  ullage  equal 
to  the  input  ullage  temperature.  If  such  is  not  the  case,  the 
desired  wall  temperature  is  inserted  after  all  the  initial  Input 
has  been  read  and  the  initial  conditions  section  completed.  At 
this  point,  the  program  prints  out  the  system  initial  conditions. 

2.  Heat  Transfer 


Heat  transfer  is  considered  between  the  gas  and  adjacent  tank 
wall,  this  wall  and  the  outside  environment,  thu  gas  and  liquid, 
the  liquid  and  the  adjacent  tank  wall,  and  this  wall  and  the  out¬ 
side  environment. 

For  determination  of  internal-film  heat  transfer  coefficients, 
the  fluid  properties  are  calculated  at  the  average  film  tempera¬ 
ture,  and  the  heat  transfer  coefficient  derived  from  the  natural 
convection  relationship: 


By  assuming  n 


■  m  and  simplifying,  we  have 


tF-l] 


[F-2] 


where  end  Xf  need  to  be  determined  empirically  from  test  data. 

The  symbol ,  T,  is  taken  as  the  difference  between  the  bulk  tempera 
tures  of  the  source  and  sink,  and  the  average  film  temperature  as 
the  average  of  these  two  bulk  temperatures.  Subroutines  are  pro¬ 
vided  to  calculate  gas  film  properties  at  the  average  film  tempera 
ture  in  the  primary  and  secondary  tanks. 
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To  account  for  aerodynamic  heating  of  the  tank  walls,  available 

data  are  inserted  as  tables  of  heat  transfer  coefficient,  h  ,  and 

a 

adiabatic  wall  temperature,  T  ,  versus  time,  and  calculated  as 

aw 

Q  ■  h  A  , ,  fT  -T  ,,Y  Heat  transfer  is  calculated  sepa- 
^  a  wall  v  aw  wall )  r 

rately  for  the  tank  wall  adjacent  to  the  ullage  and  propellant. 

For  application  where  aerodynamic  heating  does  not  occur,  suitable 

input  may  be  used  to  account  for  heat  transfer  based  on  ambient 

conditions . 

3.  Combustion 


Reaction  mixture  ratio,  R  ,  adiabatic  flame  temperatures,  T_, 

m  t 

and  the  ratio  of  condensible  products  to  total  products,  R  ,  are 

CL 

required  input  to  calculate  effects  of  the  combustion  reaction. 

In  the  primary  tank,  R  is  the  ratio  of  the  weight  of  reagent 

injected,  WR,  to  the  propellant  consumed  by  the  reaction.  In 
the  secondary  tank,  Rffi8  is  the  ratio  of  weight  of  propellant  con¬ 
sumed  to  weight  of  reactants  in  the  crossflow,  considered  to  be 
primary  vapors  plus  gaseous  combustion  products. 

The  heat  of  reaction  is  calculated  by  integrating  the  com¬ 
bustion  products'  heat  capacity  between  the  reaction  temperature 
and  the  adiabatic  flame  temperature  to  get  the  enthalpy  change, 

H  ,  per  pound  of  products.  Then  the  heat  of  reaction  is  this 
cp 

enthalpy  change  multiplied  by  the  mass  of  products 


The  heat  of  reaction  is  corrected  to  account  for  contributions 
of  the  reactants,  and  then  a  corrected  flame  temperature  is  cal¬ 
culated: 


T  .  t  +  QPRCTFP  '  Tr) 
fcp  tr  hcp(wcp  +  wCLpy 


[F-4] 
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In  the  secondary  tank,  this  also  includes  the  temperature-reducing 
effect  of  inert  gas  in  the  crossflow.  A  new  enthalpy  change  is 
calculated,  based  on  the  corrected  adiabatic  flame  temperature, 
and  is  then  used  to  provide  a  more  accurate  calculation  of  I--*. 

rCJr 

For  convective  heat  transfer  between  the  hot  gases  in  the  com¬ 
bustion  zone  and  the  surrounding  liquid,  an  empirically  derived 

relationship  was  used  to  determine  the  area  of  combustion,  A_, 

c 

and  the  film-heat  transfer  coefficient,  h  ,  as  a  function  of  the 
reagent  flow  rate: 


A 


C 


CAC0\) 


.67 


and 

‘.•W’  lr-5! 

where  CAC  and  CHC  are  constants. 

Simplifying  the  heat  transfer  between  the  hot  gases  and  the 
surrounding  liquid, 

87 

qlpc  “  cacchc(£)r)  (tfi,p  "  Ti>  tF"6] 

The  heat  loss  from  cooling  and  condensation  of  the  condensible 
combustion  products,  Q^p»  occurs  in  the  combustion  zone,  and  is 

calculated  from  the  latent  and  sensible  heat  change  of  the  con¬ 
densibles: 


QCLP  "  WCLP  (^CLP  +  HSCLP)-  tF'71 

The  total  energy  available  to  the  system  (above  the  ullage 
temperature)  from  primary  and  secondary  results  of  the  combustion 
reaction,  Qgpg*  is  the  sum  of  the  corrected  heat  of  reaction  and 

the  latent  heat  of  the  condensibles,  less  the  energy  required  to 
raise  the  gaseous  combustion  products  to  the  bulk  gas  temperatures: 

QSPC  "  QPR  '  WCP  CPCP  (TGP  ‘  TR)  +  WCLP  *F-8^ 
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4.  Time  Inc remen t 


For  the  case  with  constant  flow  orifice,  the  time  increment 
is  constant  and  is  used  as  an  input  to  the  program. 

For  pulse-flow  injection,  the  ideal  gas  low  is  differentiated 
with  regard  to  time  as  follows: 

P  -  HP 

MV 

dP  WR  dT  £T  £W  WRT  dV  WRT  UM  f  Q 

dt  "  MV  St  MV  St  2  bt  m2  St*  1 

MV  MV 


The  partials  are  evaluated  from  the  previous  calculations  in  each 

dp 

time  increment,  and  the  expression  is  solved  for  ^c>  By  deter¬ 
mining  the  required  pressure  change,  AP,  and  using  the  approximate 
relationship  (for  small  At's) 


At 


41 


dt’ 


then 

At  -  AP  x 

dt 

The  required  pressure  change  is  equal  to  the  difference  between 
the  pressure  and  either  the  high  or  low  pressure  limit,  depending, 
respectively,  on  whether  the  system  is  on  a  combustion  or  pressure- 
decay  part  of  the  cycle.  An  iterative  calculation  of  AT  is  used 
to  increase  accuracy  when  vapor  dissociation  occurs  in  the  primary 
tank. 

5.  New  Conditions 

System  conditions  at  the  end  of  the  time  increment  are  now 
calculated  and  checked  to  see  if  output  is  to  be  made  at  this 
time.  The  program  then  checks  to  see  if  any  shutdown  criteria 
have  been  met. 
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6.  Shutdown 


For  a  constant-flow  injection  system,  the  program  first  checks 
to  see  if  system  pressure  is  within  permissible  limits.  If  it  is 
not,  the  shutdown  sequence  is  initiated;  otherwise,  the  program 
checks  tank  propellant  volume(s)  to  see  if  the  liquid  level  is 
at  or  below  an  input  minimum.  If  not,  the  program  continues  with 
a  new  cycle;  otherwise,  shutdown  is  initiated. 

When  shutdown  occurs,  the  system  conditions  are  printed,  and 
the  program  then  checks  the  liquid-level  setting.  If  they  are 
zero,  the  program  is  ended  (the  program  actually  seeks  input  for 
a  new  case)  . 

If  not  zero,  they  are  reset  to  zero,  and  several  other  con¬ 
stants  are  also  reset  so  the  program  continues,  but  no  injection 
takes  place.  Rather,  the  ullage  undergoes  a  polytropic  expansion 
while  the  rest  of  the  liquid  is  expulsed  until  final  shutdown  is 
encountered . 

7 ,  Output 

Data  printout  of  the  identified  parameters  will  occur  under 
any  of  the  following  situations: 

1)  Initial  Condition 

Primary  Tank:  RUNNO,  PLIG,  RMP,  RCLP,  TFP,  OPIP, 

OPVDP ,  OPBP,  OPPCP. 

Secondary  Tank:  SLIQ,  RMS,  RCLS,  TFS,  OPIS,  OPVDS, 

OPBS,  OPCS,  OPPCS . 

2)  Periodic  Output 

Primary  Tank:  T,  CYC,  TGP,  TPTG,  TLP,  TPTL,  PGP,  PTP, 
MVGP,  VGP,  YCP,  YVP,  WFCLP ,  WTR, 

Secondary  Tank:  TGS,  TSTG,  IIS,  TSTL,  PGS,  PTS,  MWGS, 
VGS,  YCS,  YVS,  YPUS,  WFCLS. 

3)  Shutdown 

Primary  Tank:  T,  CYC,  TGP,  TPTG,  TLP,  TPTL,  PGP,  PTP, 
MWGP ,  VGP,  YCP,  YVP,  WFCLP ,  WTR,  WTCP,  WTCLP. 

Secondary  Tank:  TGS,  TSTG,  TLS,  TSTL,  PGS,  PTS,  MWGS, 
VGS,  YCS,  YVS,  YPUS,  WFCLS,  WTCLS,  WTVCF,  WTCCF,  WTILF. 
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C.  PROGRAM  INPUT 


1.  Data  Sheets  (Table  F-l) 

1)  Column  1  must  contain  a  2,  3,  8,  9  or  Oj  where  2  rep¬ 
resents  a  floating  point  number,  and  3  represents  a 
symbolic  name  which  may  contain  up  to  6  characters 
(numeric  or  alphabetic)  ,  An  S  in  column  1  is  neces¬ 
sary  for  the  second  card  in  each  input  case.  The  last 
^ard  in  each  input  case  must  contain  a  9  in  column  1. 
The  first  card  in  a  case  is  an  identification  card  and 
has  a  0  in  column  1; 

2)  Column  2  contains  a  1  only  when  a  3  is  used  in  column 
1  and  in  all  other  cases  is  left  blank; 

3)  Columns  3  thru  7  contain  the  location  at  the  first 
piece  of  input  data  on  a  card  (Table  F-l) ; 

4)  Columns  8,  21,  34,  47,  and  60  are  always  blank; 

5)  When  3  is  used  in  column  1,  the  6-character  name  must 
be  right-adjusted  to  column  14  (See  Table  F-l); 

6)  A  zero  in  column  1  enables  the  customer  to  identify 
his  input  by  Borne  comment ; 

7)  Columns  9  thru  20,  22  thru  33,  35  thru  46,  48  thru  59, 
and  61  thru  72  with  a  2  in  column  1  contain  floating 
point  numbers  in  any  position  in  the  12-character 
field.  Zeros  may  be  read  in  as  follows:  0,  or  0,0, 

If  one  or  more  of  the  12-character  fields  are  left 
blank,  no  more  data  will  be  read  from  that  card; 

8)  Columns  73  thru  76  should  be  left  blank  for  machine 
operations  personnel  to  punch  the  last  four  digits 
of  the  run  request  number; 

9)  Data  punch  in  columns  73  thru  80  are  for  identifica¬ 
tion  only, 

10)  Columns  77  thru  80  should  be  punched  for  card  sequenc¬ 
ing. 
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2.  Data  Types 

1)  Floating  point  numbers:  every  floating  point  number 
must  contain  a  decimal  point  and  may  be  modified  by 
powers  of  10  where  the  power  of  10  follows  the  number. 
Exponents  may  be  introduced  by  E±XX,  EXX,  or  +XX  and 
must  be  right-adjusted  in  the  data  field.  The  follow¬ 
ing  are  equivalent  representations  of  the  same  floating 
point  number. 

7532,  +  .7532E+4  75.32E+2  7.532E+3  75.32+2 

2)  Comments:  columns  2  thru  8  are  left  blank,  and  the 
comment  can  be  written  in  any  column  through  72  encupL 
21,  34,  47,  and  60. 

3 .  Input  Cases 

There  are  four  cases  of  input  data. 

1)  The  original  primary  tank  data  include  tabular  values 
for  functions  that  are  looked  up  in  the  program.  The 
data  in  tabular  or  functional  form  are  indicated  in 
Tables  F-2  and  F-3  by  identifying  the  dependent  param¬ 
eter  as  a  function  of  the  independent  variable  [e.g. 
XKCS  (TT) ] ,  This  is  followed  by  the  address  of  the 
first  value  of  the  independent  variable,  maximum 
number  of  points  in  the  table,  and  the  address  of  the 
first  value  of  the  dependent  variable  in  sequence. 

It  is  not  necessary  to  use  the  maximum  number  of 
points,  but  the  number  of  points  must  be  specified 
in  the  previously  mentioned  location, 

Example: 


LOC 

XKCP  (TT) 

46 

161. 

47 

20. 

48 

181. 

49 

If  the  dependent  variable  is  constant  in  a  table  look¬ 
up,  then  1,  goes  into  the  position  for  the  number  of 
points  in  the  table  followed  by  the  constant. 
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Example: 


LOC 

CPI  (TT) 

108 

761, 

109 

1. 

110 

1.244 

111 

2)  The  original  secondary  tank  data  include  the  same 
type  of  data  as  the  original  primary  tank  data; 

3)  Precalculated  data  (for  either  the  primary  tank  or 
for  the  secondary  tank  calculations) ; 

4)  Additional  data  to  change  the  conditions  for  the 
primary  and/or  secondary  calculations; 

5)  The  locations  for  the  input  parameters  are  found  in 
Tables  F-2,  F-3,  and  F-4. 

4.  Program  Run  Duration 

This  program  was  written  for  the  IBM  7094  computer  (FORTRAN) , 
and  the  running  time  can  be  estimated  by 

T  -  NC  (OPTNK  +  1)  .6  tF-10] 


where 


T  ■  approximate  run  time  in  minutes, 

NC  *  number  of  cases, 

OPTNK  ■  0  for  single  tank  system 
1  for  dual  tank  system, 
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Table  F-2  Locations  of  Input  Parameters  for  Primary  Tank 


Data  Symbol 

Location 

Data  Symbol 

Location 

RUNNO 

1 

CHC 

33 

PLIQ 

2 

CDT 

34 

TI 

3 

XFGWP 

35 

VPT 

4 

CFGWP 

36 

VGP 

5 

XFGLP 

37 

PGP 

6 

CFGLP 

38 

TGP 

7 

XFLWP 

39 

TLP 

8 

CFLWP 

40 

CPO 

9 

RMP 

41 

PPL 

10 

RCLP 

42 

PPH 

11 

TFP 

43 

VLPL 

12 

TR 

44 

OPVDP 

13 

XMWCP 

45 

OPtP 

14 

XKCP  (TT) 

46* 

OPBP 

15 

161. 

47 

OPTNK 

16 

20. 

48 

OPPCP 

17 

181, 

49 

DOP 

18 

XMUCP  (TT) 

50* 

CDOP 

19 

201. 

51 

PR 

20 

20. 

52 

TRP 

21 

221. 

53 

RHOR 

22 

CPCP  (TT) 

54* 

AV 

23 

241. 

55 

CDV 

24 

20. 

56 

CPR1 

25 

261. 

57 

CPR2 

26 

HLCLP  (TT) 

58* 

DPT 

27 

281. 

59 

SPT 

28 

20. 

60 

CUSP 

29 

301. 

61 

CPTO 

30 

CP  CLP  (TT) 

62* 

CPPT 

31 

321. 

63 

CACP 

32 

20. 

64 
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Data  Svmbol 

Table  F 

Location 

341. 

65 

XMWPV 

66* 

PPV  (XT) 

67 

361. 

68 

20. 

69 

281. 

70 

CVAPP  (TT) 

71* 

401. 

72 

20. 

73 

421. 

74 

CKPV  (TT) 

75* 

441. 

76 

20. 

77 

461. 

78 

BETVP  (TT) 

79* 

481. 

80 

20. 

81 

501. 

82 

XKVP  (TT) 

83 

521. 

84 

20. 

85 

541. 

86 

XMUVP  (TT) 

87* 

561. 

88 

20. 

89 

581. 

90 

CPVP  (TT) 

91* 

601. 

92 

20. 

93 

621. 

94 

HVAPP  (TT) 

95* 

641. 

96 

20. 

97 

661. 

98 

XMWI 

99 

(cent) 


Data  Svmbol 

Location 

XKI  (TT) 

100* 

681. 

101 

20. 

102 

701. 

103 

XMUI  (TT) 

104* 

721. 

105 

20. 

106 

741. 

107 

CPI  (TT) 

108* 

761. 

109 

20. 

110 

781. 

111 

XKLP  (TT) 

112* 

801, 

113 

20. 

114 

821. 

115 

XMULP  (TT) 

116* 

841. 

117 

20. 

118 

861, 

119 

BETLP  (TT) 

120* 

881, 

121 

20. 

122 

901. 

123 

CPLP1 

124 

CPLP2 

125 

CRLP1 

125 

CRLP2 

127 

ACC  (T) 

128* 

921. 

129 

20. 

130 

941. 

131 

VDLOP  (T) 

132* 

961. 

133 

20. 

134 
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Table  F-2  (concl) 


Data  Svmbol 

Location 

981, 

135 

SPTG  (VGP) 

136* 

1001. 

137 

20. 

138 

1021. 

139 

ALGP  (VGP) 

140* 

1041. 

141 

20. 

142 

1061. 

143 

ZP  (VGP) 

144* 

1081. 

145 

20. 

146 

1101. 

147 

DZPBDV  (VGP) 

148* 

1121. 

149 

20. 

150 

1141. 

151 

HAP  (T) 

152 

1161. 

153 

40. 

154 

1201. 

155 

TAW?  (T) 

156* 

1241. 

157 

40. 

158 

1281. 

159 

OP  AD 

160 

Note;  The  numbers  in  the  column  Data  Symbol  are  those  to  be 

entered  in  the  corresponding  location  (e.g,  161  goes  into 
location  47,  20  into  location  48,  etc), 

*No  data  are  to  be  read  into  this  location. 
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Table  F-3  Locations  of  Input  Parameters  for  Secondary  Tank 


Data  Svmbol 

Location 

Data  Svmbol 

Location 

SLIQ 

1501 

XMWCS 

1532 

VST 

1502 

XKCS  (XT) 

1533* 

VGS 

1503 

1631. 

1534 

PGS 

1504 

20. 

1535 

TGS 

1505 

1651. 

1536 

TLS 

1506 

XMUCS  (XT) 

1537* 

DELPPS 

1507 

1671. 

1538 

PS 

1508 

20. 

1539 

VLSL 

1509 

1691. 

1540 

OPVDS 

1510 

CPCS  (XT) 

1541* 

OPIS 

1511 

1711. 

1542 

OPBS 

1512 

20. 

1543 

OPCS 

1513 

1731. 

1544 

OPPCS 

1514 

HLCLS  (TT) 

1545* 

DOS 

1515 

1751, 

1546 

CDOS 

1516 

20. 

1547 

DST 

1517 

1771, 

1548 

SST 

1518 

CPCLS  (TT) 

1549* 

CWSS 

1519 

1791, 

1550 

CSTO 

1520 

20. 

1551 

CP  ST 

1521 

1811. 

1552 

CACS 

1522 

XMWSV 

1553 

XFGWS 

1523 

PSV  (TT) 

1554* 

CFGWS 

1524 

1831. 

1555 

XFGLS 

1525 

20. 

1556 

CFGLS 

1526 

1851, 

1557 

XFLWS 

1527 

CVAPS  (TT) 

1558* 

CFLUS 

1528 

1871, 

1559 

RMS 

1529 

20. 

1560 

RCLS 

1530 

1891, 

1561 

TFS 

1531 

CKSV  (TT) 

1562* 

F-26 


RTD-TDR-63-1123 


Table  F-3  (concl) 

Data  Svmbol 

Location 

Data  Svmbol 

Location 

1911. 

1563 

CP  LSI 

1598 

20 

1564 

CPLS2 

1599 

1931. 

1565 

CRLS1 

1600 

BET VS  (TT) 

1566* 

CRLS2 

1601 

1951. 

1567 

VDLOS  (T) 

1602* 

20. 

1568 

2271. 

1603 

1971. 

1569 

20. 

1604 

XKVS  (TT) 

1570* 

2291. 

1605 

1991. 

1571 

SSTG  (VGS) 

1606* 

20. 

1572 

2311. 

1607 

2011. 

1573 

20. 

1608 

XMUVS  (TT) 

1574* 

2331. 

1609 

2031. 

1575 

ALGS  (VGS) 

1610* 

20. 

1576 

2351, 

1611 

2051. 

1577 

20. 

1612 

CPVS  (TT) 

1578* 

2371, 

1613 

2071. 

1579 

ZS  (VGS) 

1614* 

20. 

1580 

2391. 

1615 

2091. 

1581 

20. 

1616 

HVAPS  (TT) 

1582* 

2411, 

1617 

2101. 

1583 

DZSBDV  (VGS) 

1618* 

20. 

1584 

2431. 

1619 

2131. 

1585 

20. 

1620 

XKLS  (TT) 

1586* 

2451. 

1621 

2151. 

1587 

HAS  (T) 

1622* 

20. 

1588 

2471. 

1623 

2171. 

1589 

40. 

1624 

XMULS  (TT) 

1590* 

2511. 

1625 

2191. 

1591 

TAWS  (T) 

1626* 

20. 

1592 

2551. 

1627 

2211. 

1593 

40. 

1628 

BETLS  (TT) 

1594* 

2591, 

1629 

2231, 

1595 

20. 

1596 

2251. 

1597 

*No  Input  is 

to  be  tread  into 

this  location. 
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Table  F-4 

Locations 

for  Additional  Input 

Data  Symbols 

Location 

Data  Symbols 

Locat ion 

ACC 

128 

WCP 

1477 

CCP 

1321 

WCS 

1478 

CKPV 

75 

WFCLP 

1439 

CKSV 

1562 

WFCLS 

1440 

CP02 

1481 

V!GP 

1480 

CVAPP 

71 

WGS 

1425 

CVAPS 

1558 

WIP 

1426 

CYC 

1328 

WIS 

1428 

FCP 

1338 

WPTG 

1485 

FCS 

1339 

WSTG 

1486 

FXP 

1335 

MTCCFX 

1484 

FIS 

1336 

WTCLP 

1442 

FPVS 

1341 

WTCLS 

1443 

FVP 

1343 

WTCS 

1445 

FVS 

1344 

HTICFX 

1446 

PIP 

1371 

WTR 

1447 

PIS 

1372 

MTVCFX 

1448 

PPV 

67 

MVP 

1433 

PSV 

1554 

MVS 

1436 

RHOLP 

1476 

XMWGP 

1361 

RHOLS 

1373 

XMMGS 

1363 

SPTG 

136 

XMWVP 

1366 

SPTL 

1402 

XMWVS 

1368 

SSTG 

1606 

YCP 

1450 

T 

1404 

YCS 

1451 

TPTG 

1479 

YIP 

1452 

TPTL 

1408 

YIS 

1453 

TT 

1411 

YPVS 

1454 

TSTG 

1409 

YVP 

1455 

TSTL 

1410 

YVS 

1456 

VLP 

1412 

2? 

144 

VLS 

1413 

ZS 

1614 
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Table  F-5  Input  Parameters  Primary  Tank 

Svmbol 

Definition 

Units 

ACC 

Acceleration 

ft/sec^ 

ALGP 

Area,  Liquid  Surface  Next  to  Gas,  Primary 
Tank 

ft2 

AV 

Area,  Injector  Valve 

ft2 

BETLP 

Volumetric  Coefficient  of  Thermal  Ex¬ 
pansion,  Liquid  Primary  Tank 

1/°R 

BETVP 

Volume  Coefficient  of  Thermal  Expansion, 
Primary  Vapor 

1/°R 

CACP 

Constant,  Aren  of  Combustion  Equation, 
Primary  Tank 

CPPT 

Heat  Capacity,  Primary  Tank 

Btu/lbM  #R 

CDOP 

Coefficient  of  Discharge,  Orifice, 

Primary  Tank 

.... 

COT 

Constant,  Time  Increment  Equation 

— 

CDV 

Coefficient  of  Discharge,  Injector  Valve 

- 

CFGWP 

Constant,  Film  Heat  Transfer  Coefficient 
Equation,  Gas  to  Wall,  Primary  Tank 

•  • 

CFGLP 

Constant,  Film  Heat  Transfer  Coefficient 
Equation,  Gas  Liquid,  Primary  Tank 

-- 

CFLWP 

Constant,  Film  Heat  Transfer  Coefficient 
Equation,  Liquid  to  Wall,  Primary  Tank 

CKl'V 

Constant,  Dissociation  Equation,  Primary 
Tank 

CttC 

Constant,  Combustion  Zone  to  Liquid  Heat 
Transfer  Coefficient  Equation 

CPCLP 

Heat  Capacity  Liquid  from  Combustion, 
Primary  Tank 

Btu/lbM  *R 

CPCP 

Specific  Heat  at  Constant  Pressure,  Com¬ 
bustion  Product  in  Gas,  Primary  Tank 

Btu/lbM  *R 

CPI 

Specific  Heat  at  Constant  Pressure, 

Inert  Gas 

Btu/!bM  *R 

F-29 


RTD-TDR-63-1123 


Table  F-5  (cont) 

Symbol 

Definition 

Units 

CPLP1 

Constants,  Specific  Heat  Equation, 

Liquid,  Primary  Tank 

-- 

CPLP2 

Constants,  Specific  Heat  Equation, 

Liquid,  Primary  Tank 

CPO 

Constant,  Printout  Equation 

CPRi 

Constant  in  Heat  Capacity  Equation, 
Primary  Reagent 

— 

CPR2 

Constant  in  Heat  Capacity  Equation, 
Primary  Reagent 

— 

CPTO 

Constant,  Surface,  Outside/Inside, 

Primary  Tank 

— 

CPVP 

Specific  Heat  at  Constant  Pressure, 
Primary  Vapor 

Btu/lbM  °R 

CRLP1 

Constants,  Density  Equation,  Liquid  in 
Primary  Tank 

“V"3 

CRLP2 

Constants,  Density  Equation,  Liquid  in 
Primary  Tank 

V1  •* 

CVAPP 

Constant,  Vaporization  Equation,  Primary 
Vapor 

.  - 

CWSP 

Constant,  Weight,  Surface,  Primary  Tank 

DOP 

Diameter,  Orifice,  Primary  Tank 

ft 

DPT 

Diameter  of  Primary  Tank 

ft 

DZPBDV 

Change  in  Liquid  Height  with  Respect  to 
Volume,  Primary  Tank 

.. 

HAP 

Film  Coefficient,  Aerodynamic  Heating, 
Primary  Tank 

Btu/ft2  sec  *R 

HLCLP 

Heat  of  Vaporization,  Liquid  from  Com¬ 
bustion,  Primary  Tank 

Btu/lbM 

HVAPP 

Heat  of  Vaporization,  Primary  Liquid 

w 

rr 

>— * 

OP  BP 

Option,  Bleed  Primary  Tank 

— 

OPIP 

Option,  Injection  Primary  Tank 

-- 
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Symbol 


Table  F-5  (cont) 

Definition  Units 


OFPCP 

OPTNK 

OPVDP 

PGP 

PLIQ 

PPH 

PPL 

PPV 

PR 

RCLP 

RHOR 

RMP 

RUNNO 

SPTG 

SPT 

T 

TAWP 

TFP 

TCP 

TI 

TLP 

TR 

TRP 


Option,  Pressure  Sensor 
Opt  ion ,  Tanks 

Option,  Vapor  Dissociation,  Primary 
Tank 

Pressure,  Gas,  Primary  Tank 
Primary  Liquid 

Pressure  Setting,  Primary  Tank,  High 

Pressure  Setting,  Primary  Tank,  Low 
Pressure,  Primary  Vapor 
Pressure,  Reagent 

Weight  Ratio,  Liquid  to  Total  Products, 
Primary  Reaction 

Density,  Reactant 


lbF/tn-2 

lbF/in.2 

lbp/in.2 

lbF/in.2 

lbF/in.2 


Reaction  Mixture  Weight  Ratio,  Primary 
Tank 

Run  Number 

Inside  Surface,  Primary  Tank  Next  to  Gas 

Inside  Surface,  Primary  Tank 
Time 

Temperature  Adiabatic,  Wall,  Primary 
Tank 

Adiabatic  Flame  Temperature,  Reaction  in 
Primary  Tank 

Temperature,  Gas,  Primary  Tank 
Time,  Initial 

Temperature,  Liquid,  Primary  Tank 
Temperature,  Reaction  (Reference) 
Temperature,  Reactant,  Primary  Tank 


sec 


*R 

°R 

°R 

sec 

eR 

*R 

•r 
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Table  F-5  (concl) 

Symbol 

Definition 

Units 

TT 

Temperature 

°R 

VDLOP 

Volume  Flow  Bate,  Liquid  from  Primary 

Tank 

ft3/  sec 

VGP 

Volume  Gas,  Primary  Tank 

ft3 

VLPL 

Volume  Setting,  Liquid,  Primary  Tank, 

Low 

ft3 

VPT 

Volume,  Primary  Tank 

ft3 

XFGWP 

Exponent,  Film  Heat  Transfer  Coefficient 
Equation,  Gas  to  Wall,  Primary  Tank 

XFGLP 

Exponent,  Film  Heat  Transfer  Coefficient 
Equation,  Gas  to  Liquid,  Primary  Tank 

XFLWP 

Exponent,  Film  Heat  Transfer  Coefficient 
Equation,  Liquid  to  Wall,  Primary  Tank 

-- 

XKCP 

Thermal  Conductivity,  Combustion  Pro¬ 
ducts  in  Gas,  Primary  Tank 

Btu / ft2sec#R/ft 

XXI 

Thermal  Conductivity,  Inert  Gas 

Btu/sec  ft2  °r/ ft 

XKLP 

Thermal  Conductivity,  Liquid  Primary 

Tank 

Btu/sec  ft2  ®It/ft 

XKVP 

Thermal  Conductivity,  Primary  Vapor 

Btu/sec  ft2  ®n/ft 

XMUCP 

Viscosity,  Combustion  Products  in  Gas, 
Primary  Tank 

lbr-sec/ft2 

XMU1 

Viscosity,  Inert  Gas 

lbp-sec/ ft2 

XMULP 

Viscosity,  Liquid,  Primary  Tank 

lbp-sec/ ft2 

XMUVP 

Viscosity,  Primary  Vapor 

lbp-aec/ft2 

XMWCP 

Molecular  Weight  Combustion  Products 
in  Gas,  Primary  Tank 

lbM/ lb -mole 

XMWI 

Molecular  Weight,  Inert  Gas 

lb^y' lb-mole 

XMWPV 

Molecular  Weight,  Primary  Vapor 

lbjj^/lb-mole 

ZP 

Height  of  Liquid  Above  Pressure  Sensor, 
Primary  Tank 

ft 
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Table  F-6  Input  Parameters  Secondary  Tank 


Symbol 

Definition 

Units 

ALGS 

Area,  Liquid  Surface  Next  to  Gas, 

Secondary  Tank 

ft2 

BETLS 

Volumetric  Coefficient  of  Thermal 
Expansion,  Liquid,  Secondary  Tank 

1/°R 

BETVS 

Volume  Coefficient  of  Thermal  Expansion, 
Secondary  Vapor 

1/  °R 

CACS 

Constant,  Area  of  Combustion  Equation, 
Secondary  Tank 

CDOS 

Coefficient  of  Discharge,  Orifice, 
Secondary  Tank 

-  _ 

CFGLS 

Constant,  Film  Heat  Transfer  Coefficient 
Equation,  Gas  to  Liquid,  Secondary  Tank 

-  _ 

CFGWS 

Constant,  Film  Heat  Transfer  Coefficient 
Equation,  Gas  to  Well,  Secondary  Tank 

-a. 

CFLWS 

Constant,  Film  Heat  Transfer  Coefficient 
Equation,  Liquid  to  Wall,  Secondary  Tank 

CKSV 

Constant,  Dissociation  Equation,  Second¬ 
ary  Vapor 

CPCLS 

Heat  Capacity  Liquid  from  Combustion, 
Secondary  Tank 

Btyiba 

CPCS 

Specific  Heat  at  Constant  Pressure, 
Combustion  Product  in  Gas,  Secondary 

Tank 

Btu/ib, 

CPI  SI 

Constants  Specific  Heat  Equation,  Liquid, 
Secondary  Tank 

CPLS2 

Constants  Specific  Heat  Equation,  Liquid, 
Secondary  Tank 

«• 

CPST 

Heat  Capacity,  Secondary  Tank 

ityibH 

CPVS 

Specific  Heat  at  Constant  Pressure, 
Secondary  Vapor 

itiib  h 

CRLS1 

Constants,  Density  Equation,  Liquid  In 
Secondary  Tank 

m  m 

CRLS2 

Constants,  Density  Equation,  Liquid  in 
Secondary  Tank 
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Table  F-6  (cont) 

Symbol 

Definition 

Units 

CSTO 

Constant,  Surface,  Outside/Inside, 
Secondary  Tank 

CVAPS 

Constant,  Vaporization  Equation, 

Secondary  Vapor 

CWSS 

Constant,  Weight/Surface,  Secondary  Tank 

DELPPS 

Pressure  Difference,  Gas  in  Primary  Less 
Gas  in  Secondary  Tank,  Minimum 

lbF/ln.2 

nos 

Diameter,  Orifice,  Secondary  Tank 

ft 

DST 

Diameter,  Secondary  Tank 

ft 

DZSBDV 

Change  in  Liquid  Height  with  Respect  to 
Volume,  Secondary  Tank 

HAS 

Film  Coefficient,  Aerodynamic  Heating, 
Secondary  Tank 

Btu/ft2-sec 

HLCLS 

Heat  of  Vaporization,  Liquid  Combustion 
Products,  Secondary  Tank 

Btu/lbM 

HVAPS 

Heat  of  Vaporization,  Secondary  Liquid 

Btu/ibw 

OPBS 

Option,  Bleed,  Secondary  Tank 

-» 

OPCS 

Option,  Combustion,  Secondary  Tank 

-- 

OPIS 

Option,  Injection,  Secondary  Tank 

-- 

OPPCS 

Option,  Pressure  Sensor,  Secondary  Tank 

-- 

OPVDS 

Option,  Vapor  Dissociation,  Secondary 
Tank 

-- 

PGS 

Pressure,  Gas,  Secondary  Tank 

lbF/  tn.2 

PS 

Pressure,  Setting,  Secondary  Tank 

lbF/in.2 

PSV 

Pressure,  Secondary  Vapor 

V1”-2 

RCLS 

Weight  Ratio,  Liquid  to  Total  Products, 
Secondary  Reaction 

at  m. 

BMS 

Reaction  Mixture  Weight  Ratio,  Secondary 
Tank 
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Table  F-6  (cont) 


Symbol 

Definition 

Units 

SLIQ 

Secondary  Liquid 

-- 

SST 

Inside  Surface,  Secondary  Tank 

ft2 

SSTG 

Inside  Surface,  Secondary  Tank  Next  to 

Gas 

ft2 

TAWS 

Temperature  Adiabatic,  Wall  Secondary 

Tank 

°R 

TFS 

Adiabatic  Flame  Temperature,  Reaction 
in  Secondary  Tank 

°R 

TGS 

Temperature  of  Gas,  Secondary  Tank 

°R 

TLS 

Temperature  of  Liquid,  Secondary  Tank 

°R 

VGS 

Volume  of  Gas,  Secondary  Tank 

ft3 

VLSL 

Volume  Setting,  Liquid,  Secondary  Tank, 
Low 

ft3 

VDLOS 

Volume  Flow  Rate,  Liquid  from  Secondary 
Tank 

ft3 

VST 

Volume,  Secondary  Tank. 

rt 

lo 

XFGLS 

Exponent,  Film  Heat  Transfer  Coefficient 
Equation,  Gas  to  Liquid,  Secondary  Tank 

.  . 

XFGWS 

Exponent,  Film  Heat  Transfer  Coefficient 
Equation,  Gas  to  Wall,  Secondary  Tank 

.  . 

XFLWS 

Exponent,  Film  Heat  Transfer  Coefficient 
Equation,  Liquid  to  Wall,  Secondary  Tank. 

■  m 

XKCS 

Thermal  Conductivity,  Combustion  Products 
in  Gas,  Secondary  Tank 

Btu/sec 

ft2-eR/ft 

XKLS 

Thermal  Conductivity,  Liquid,  Secondary 
Tank 

Btu/sec 

ft2-»R/ft 

XKVS 

Thermal  Conductivity,  Secondary  Vapor 

Btu/sec 

ft2.#R/ft 
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Table  F-6  (concl) 

Symbol 

Definition 

Units 

XMUCS 

Viscosity,  Combustion  Products  in  Gas, 
Secondary  Tank 

lbp-sec/ ft2 

XMULS 

Viscosity  of  Liquid,  Secondary  Tank 

lbj,-sec/ ft2 

XMUVS 

Viscosity  of  Secondary  Vapor 

lb^-aec/ft2 

XMWCS 

Molecular  Weight,  Combustion  Products 
in  Gas,  Secondary  Tank 

lb^  lb-mole 

XMWSV 

Molecular  Weight  of  Secondary  Vapor 

lb^y  lb-mole 

zs 

Height  of  Liquid  Above  Pressure  Sensor, 
Secondary  Tank 

ft 
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D .  PROGRAM  OUTPUT 


The  first  two  to  four  pages  of  output  will  be  a  listing 
of  the  input  data.  The  following  page  will  be  entitled  either 
"Initial  Conditions  Primary  Tank"  or  "Initial  Conditions  Sec¬ 
ondary  Tank"  depending  on  whether  the  run  is  for  a  single  or 
two-tank  system.  When  the  volume  of  the  liquid  in  the  tank(s) 
reaches  a  preset  value,  shutdown  occurs.  The  printout  continues 
until  the  liquid  is  removed  from  the  tank(s).  All  of  these  pages 
are  entitled  MAIN  TANK  INJECTION  PROPELLANT  PRESSURIZATION  SYSTEM 
PAGE  .  The  last  page  for  each  run  is  a  TABLE  OF  OUTPUT  SYM¬ 
BOLS  which  is  so  titled.  If  the  run  contains  consecutive  prob¬ 
lems,  then  the  above  format  is  repeated  for  each  case. 
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MAIN  TANK  INJECTION  PROPELLANT  PRESSURIZATION  SYSTEM 


C  MAIN  PROGRAM 

COMMON  A  i  C  .  R 

DIMENSION  AU32Ql-«atii3-Ql-iJC-t-lR01 _ _ _ 

EQUIVALENCE  (All! .RUNNO) «IAI2l*PLIU)*(A(3I.Tl),(A(4l . VPT ) . ( A ( 5 ) . VG 
IP)  •  I  A!  6)  «PC.P)  i  I  A<  7)  .TGP) .  t  AIR)  .TLP )  ,  (  A  I  <5  I  »CPO)  ,  1  A(  10  I  .PPL)  « I  At  11 )  . 

_ 2PPHU-I  A  I  L?  I  .VLPI  I  .  I  AL1  3)  .QPVDPl  .  I  A  I  VAJ-tOPIP  )  .  1  AM  31  .OPBP  I.UIUI.I) 

3PTNK) . ( A! 17) .OPPCP ) i (At  18) .DOP) t (At  19) .COOP) «  t  A  t  20 ) *  PR ) • 

A I A I  2 1 1  •  TRP  )  « <  A ( 22 )  .RHOR1.1  A<23)  .AV) .  (AI24)  .COV)  .  (M25  )  »CPR1 )  • 

5  LA  l  26  )  «CPR2  )  1 1  A  (  27  )  .DPT  )  » 1  A  1 28  Li-SPT  )  t_(.A.I  2  9  1  tCWbPI .  [  A  I  30)  tCPTUl  . 

6 ( A ( 31 1  .CPPT)i(A(32l .CACP! • ( A 1331 .CHC )<(A(34).CDT).(A(35) .XFGWP ) • 

7( A  I  36  I  .CFGWP) . I  A (37) .XFGLP I . I  A  I  38) .CFGLP) . ( A ( 39 ) .XFLWP ) . 

H.LA  1  AO  I  .CF1.WP.1-.  I  A  I  A)  I  .RMP)  .  I  A(  A2-I.RCI  P)jJA(A3).TFP).IAIAA).TPI. _ 

91  A ( 45 )  .XMWCP) • (  A(46  )  <  Y.XCP)  »  (  A(  50) . XMUCP I . ( A (54 ) (CPCP ) 

CQ'JI  VALENCC  (  A(  58  !  . HLCLP I  i  (  A( 62  )  .CPCLPI  .  (  A (66)  . XMWPV )  »  ( A  (  67 )  «PPV  I  i 

1 C  A  C  71 )  iCVAPP)  »  (  A I  75)  .CKPVI  .  (  A  (  791 .ntTVP  I  .  (  A  18  3  I  ,XAVP  ).«. _ _ _ _ „  _ 

2 ( A (87 1  .XMUVP) . ( A(91) «CPVP) .  ( A ( 95 > .HVAPP > • l A (99 ) iXMWl ) . 

3(  AI10N)  iXKII . (At  104)  .XMUI  )  *  I  A  (  108  )  .CPI  )  t  (  A  ( 1 1  2  )  .XfCLP  )  . 

_ A(A(U6)..XMU1.P-J  .  (A  1 120 )  jiXET.L  Pi-t-LAl  124 1.CPLP1 1  >  ( Al  125 1  >CP.:.£2X...—  _ 

5 [ A( 126) .CRLP1 ) . ( A( 127) .CRLP2) . I A ( 128 ) . ACC ) . I A ( 132 ) iVDLOP) > 

6( Al 136) .SPTG) . ( A( 140) . ALGP ) • ( A ( 144 1 .ZP) . ( A< 148 ) .DZPBDV) . 

-  3-UU-IS2  )  .HAP U  I  Al  1 54U T  AWPULA(KO) . ORAP I - 

EQUIVALENCE (C ( 1 ) *CCP) .(C(2 I.CF1 ,ict  3) .CPGFX). (CI4) .CPGP ) . (C I  5 ) .CPG 
1S1  .  (C  '  6)  .CPLP)  .  (C(7)  .CPL5I  .(CI8)  .CYC)  .(C191  .OMROT)  .  ( C  1 10 )  .DPtlOT )  . 

- a  ten  1 1 .  or  t  bot  i .  <  e  n  a  uomab  i  i  .  i  c  1 1  a ) .  owrnn  i .  i  c  tw  «owbdt-u  ic  <  m«  e-i~ 

3P]  .(Cl  16)  .FIS)  .  (Cl  17)  .F1SFX) .  ( C  1 18  I  »FCP)  .(CH91.FCS)  .IC120)  .FCSFX) 
4.ICI21 ) iFPVS) .(C(22) .FPVSFX) . ICI23 I .FVP),(C(24) .F VS ) . ( C I  25 ) .FVSF X ) 

- 5^-LiHJ41.^rPi;X-t-^Lr3  22)  .F1PFXLU.CIJHI  .FUPFX1  .(C  1»)  .HCP  )  .  1  r  I  30  )  .nr  <;  I 

6. ( C ( 3 1 ) «HF ) i ( C ( 32 ) .HGS I . (C< 33 ) .HGP ) . I C( 34 ) .HI )  .  I C ( 35 1 .HSCLP ) .(Cl  36 
71.HSCLS) . (Cl  37) .HVPG) .!C(3B) .HVSG) . (Cl  39) . XKGFX ) .  (C(4l 

- »i.miyf.»i.inA3i.Kiiuf.m.ifiH(.»Mur.4i.)fUAi.)inur;»i  .ifmi.»auDui 

9 ) . ( C ( 46 ) . XMWVP ) » ( C ( 4 7 ) . XMWVP 1 ) . (C I  48 ) . XMWVS ) . (C(49) .XMWVS1 1 
EQUIVALENCE  ( C ( 5 1 ) .P I P I . I C 1 32 ) .P I S ) . ( C ( 53 ) .RHOLS I . ( C l 

- i5a.i-4PiR) ucmurni . iriiM.aaci  pi»ic(57)  .Qnn.si.icisfl)  .qqglpi . ici  . 

259!  .QOGI.S)  .  (  C  I  601  .OOGCP]  •  ( C  (  61 )  .QDGOS 1  •  ICI62  )  .UDGS1  .  (Cl  63)  .QDGWP  )  . 
3ICI64) . QDGWS ) . (Cl  65) .UDLOP ) . ( C ( 66 ) .QDLQS ) . 1 C ( 67 ) .UDLPC ) . (C(68) .QOL 

_ APB)  .if  (Aai-LIDI  ar  i .  i  r  i  ini  .nni  uPl .  in  7U..PUI  1.41 .  ir  1 77  1  >aaBfitt  1 .  ir(79i 

5.QDPKI . ( CI74I .UDRPRI . I C ( 75 ) .QDSPC ) . ( C ( 76 ) tQDSR) . (C I  77 ) .QOSSC 1 1 IC I  7 
68 ! .QDWP ).IC(79).QOWS3.  I C ( 82 ) .SPTL ) . I C ( 83 

_ _ .7.)  .SSTL1-.  ICLR4)  .T)  .  ir  (85)  .TFCJLL.  I  C  (  86  l.t.TFCS.1  .  (  C  1  H7  )  .  TG&2  )  .  1  C  1  HA  )  .  TP 

8TL).IC(89).TSTG).(C(90).TSTL).(C(91).TT).IC(92).VLP).(C( 931. VLSI . 
9ICI94I .VLP2! .(C(95).VLS2) 

- -  OSaUIVAUNCt  .(C<86)  »WP8P|  .  1 1 (  87  1  . I4PM6  )»( C 1  98  )  . WBfigX  )  . PC ( 99 )  . WOCLP  )  . 

1 (C ( 100  I .WDCLS) . (C ( 101 ) .WDCP 1 *  (C 1 102 )  *w  CP2 ) » ! C( 103 ) .WDCS) • I C 1 104 ) . 
2W  CS2 > 1 (C 1 103) .W  GS).(C(106).W1P).(C(107).WIP2I.(C(10BI.WIS).(CI1 

- 39).wi5;).ic(noi.wPvtai.ic<m).wPR).3cina).w6T6a).FCun>.wvP), 

4 ( C ( 1 1 4 ) .WOVP ) • I C 1 115 ) <WVP2 ) . ( C ( 1 16 ) .WVS) • ( C ( 1 17) .MDVS ).(CI118).WVS 
52). (Cl  1191. WFCLPI.ICI 120 > .WFCLSI »(C( 12 1 ) . WTCCF ) • (C ( 122 ) .WTCLP) . ( C ( 

_ ft)?3liWTCI.SUlCll2(A).WTCP)>lf(1iSI»WTCS)ilCll26I.WTlCFXIi(Clia7).HlT 

7R) , 1C  1 128  )  .WTVCFX) .(C(129).XFI.(C(1301 .7CP) . (Cl  131 1 .VCS I . I C ( 132 ) . 
8YIP|,(C(133).Y1SI.(C(134I»YPVS)»(C(135) . YVP ) . ( C ( 1 36 1 .YVS ) . ( C 1 137 ) . 

- 9HBTGFX  F-.  <  C 1 1 38  )  .GAHGP  )  » <  C  ( 1694  .6AHGH - - 

OEQUI VALENCE  ICI 141 ) .DELQQP) . (C( 142 ) .OELQGS) . (C( 143 ) .DELQLPl .(Cl  144 
1) .DELOLSI  .(Cl  145) iDELQMP ) . ( C ( 146 ) .DELQW5 ) • CC ( 147  I .DELI ) . (C ( 148 ) «DE 

- - 2LTFX)  .ICI  149  )  .BEWCLS)  .  ICI  150)  .OiLWVB  ) » (C  <  161)  .BELWVSQ  »( C  U84) » XHU6 

3FX).|C(153) . XMUGS ) . ( C ( 1 54 ) .RHOGFX ) . (C ( 155 ) .PGA? ) . (C ( 1 56 ) .RHOLP ) 
EQUIVALENCE  (CI157) .WCP) .(Cl  158) «WCS) 

- - EQUIVALENCE  (Ct  1W  iTPTQI.ICUtO)  .WGB) ,  luuo.r.aoii - 

EQUIVALENCE  (C(  1621  .WPVSI.1CU63)  .XMWPVS) .  I C 1 164 1  .WTCCFx ) 
EQUIVALENCE  I C ( 165 1 .WPTG ) . ( C ( 166 ) .WSTG ) 

- EQUIVALENCE!  a<  1).  ELIO) .  (BI2)  .VST)  »  UA3  )  >\t&S >.(8(6  L.P-GSJ-. - 
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It  PI  5) »TGS> , I  0(6) .TLS) *  t B ( 7 ) .DELPPS ) , ( 8 ( 8 ) .PS  I . It  191 ,VLSL) . 

2 1  hi  IP)  .OPVDS1.  (Rl  11 1  .CPIS)  .(8U21.0PBM  .  (PI  13)  .OPCS1 . 

3(8(14)  .OPPCSJ  i  *1108) .  I  PI  U)  if,nf!SU  tat  17.1  »DST  I  .  IS  1 181.5ST  I . - 

4(8(191  »CWSS).(B(20),CSTQI.(8(21).CPST).[e(22).CACS>.IB(23).XFGWS)i 
5(8(24) .CFGWS). (BI25I.XFGLS). (B(26) .CFGLS 1 . ( B I  23 1 .XFLWS)  » 

...  <.m<  ?«)  .cfi  wsi.  i  m  ?qi  .PMPi  .  18(301  ..Rri  4 1  .  i  g  I  31  j  .  TFS 1  . 1  h  l  aaJ-Uak£& ) 

7IBI  331  .XKCS),  (  B  (  37  1  .XIMJCS)  .  I  Bi41)  .CPCS ) * (8( 45 )  .HLCLS  I  . 

818(491  .CPCLS1 . (B(S3) .XMWSV). (B(541 .PSV ) . t B ( 58 > .CVAPs I , 

918(62)  i CXSV)  i  lBt66UBE:T\lSl*lS1.701O(XVS-UXBLt4.)  iXMUV.S) - 

EQUIVALENCE (h I  7 8 1  .CPVS) » (B(82 1 .HV APS ) . I B ( 86 1  * XKLS I . I B I  90 1 .XMULS 1 • 

1  ( B  (  94  1  .BETLS).  (11(98)  .CPL51)  .  (BI99  1  .  CPLS2  )  .  (R(  100)  .CKLS1 )  . 

31B(114),ZS). 18(118) .DZSRDV)  .  (B( 122 ) .HAS ) . ( R ( 126 ) .TAWS ) 

1  CALL  FORTN2IM) 

IF(OPTNK)  3.3.2  ....  -  -  - - - - 

2  CALL  FORTNZm 
CALL  1 CST 

3  CALL  !CPT  ...  ...  _ _ 

l  '  ft 

MP  =  2 

1F1QPAD!  12.12*4 _ _ _ _ _ 

4  CALL  FORTN2(M| 

12  II  »  T  +.9 

- 12.  »,-t6B~  +  .9 - - 

1 3  ■  TPT6  +  .9 

14  *  TLP  +.9 

15  .  TPTL  *.-9- -  -  - - - — - 

IF(L  -  54). 51. 50. 50 

50  WRITE  OUTPUT  TAPE  10.  110.  NP 


51 

NP  •  NP  4  1 

WRITE  OUTPUT  TAPE  10.1312,11 .CYC. 12*13, 14, 15. PGP  *PTP .XMWGP , VGP .YCP 
l.vuD.uitrri  D.iiiro  . 

15 

L  «  L  *'i 

I F (OPT  NX  1  18.18.14 

J  t  (  t-t  I )  1  7t 1 7 1 1  * 

15 

~u~. 

17 

CALL  NCST 

IFIT-CP02)  18,16.16 

CB02  »  CP02  +  CPO 

11  «  TGS  4,9 

I?  «  TSTG  4  ,9 

13  *  tlx  4  . o 

_5l2- 

i4  ■  TSTL  +.9 

IFIL  -  54)  53,52,52 

WBTTF  nilTDHT  TAPF  10.  lift. 

L  •  0 

NP  ■  NP  4  1 

UDTTF  OIITBIIT  TIOP  lft»li>R. 

c 

1YPVS.WFCLS 

L  «  L  4  6 

AmiTftnuN 

18 

19 

.an 

IF(OPIP)  19,19,21 

IFIP6P  4ZP»ACC*RH0LPC4633. 

-PPH)  20«25i25 

mDDI  1 

21 

22 

IF(VLP-VLPL)  25.25.22 
IF(OPTNK)  23.23.24 

24 

GO  TO  31 

IF(VLS-VLSL)  25, 29  -‘* 

_ M _ Tj.11 _ 

12  «  TCP  4,9 

13  ■  TPTG  +.9 

- 14  «  TLP  4.9 _ 

15  «  TPTL  4.9 

IF (L  -  541  55.54  ,54 
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L.t>  V.RITF  OUTPUT  TAP!  ID,  UP  _  _ _ _ 

-IP  s  PO  +  | 

L.  -  0 

bb  '.-.RITE  OUTPUT  TAPE  «CYC  .  U-,  l-i-^l<n4-5»PaP-,Pm»AMWWA,v<iP _ 

1  *  Y  C  P  *  v  V  P  ,  T  F  L  L  P ,  \  T  R  .  W  T  C  P  ,  W  T  C  L  P 
L  »  L  +6 

IFtOPTNAl  27 .*27»24 - — - - - - 

7h  11=  TGS  +.9 
I?  =  TSTG  +.9 

13  =  TLS  +.9  — 

1A  =  TSTL  ♦.9 
I F  ( L  -  541  57,56,66 

36  WRITE  OUTPUT  -TAP^-40»-UO.  AI.P - . - .  - 

UP  =  ‘IP  t  I 
L  =  7 

57  WRITE  OUTPUT  TAPP  lO.ibOB,  II  .12  »-l  J.,.1  , PGG..£'LLj2(;.-/,ll  .  9u.6  .  vr  E  .  Yu<. 

1  Y  P  V  S  ,  vl  F  C  L  S  *  W  I C  S , v;  T  C  L  6 1  Iv  T  VC  F  X  •  W  T  C  C  F  X  «  W  T  1 C  F  X 
L  =  I .  +  6 

C  FINAL.  P.QLYXRQP  If  f  XPlil  A  1  ON _ _ 


27  I  F  1VI.PL )  2V»2V*<!B 

?R  A  V  =  0. 


OPJP  »  0.  _ 

CCP  =  0. 

VLPL  »  0. 

...  .  -  .vlsi—  - 

PPL  »  0. 

IF(0PTN<1  23,23*30 
29  WRITE  OUTPUT  _TAP£_10-*_  4D_- 
WR1TE  OUTPUT  TAPE  10,  41 
WRITE  OUTPUT  TAPE  10,  42 
_ WR  t.T£.  OUTPUT _ TARE —IQ  A  3. .  . 


C 

30 


C 

31 


on  to  l 

SECONDARY  TfNK  CALCULATIONS 

CALL  HTST -  - 

CALL  CHST 
CALL  BDCST 

-CALL  GCESI _ _ _ 

PRIMARY  TANA  CALCULATIONS 
CALL  dcpt 


lmll  niri  ._ 

CALL  EVPT 

CALL  CBPT 

£ 

*]>*?,-  iM^DFMfrfaT  . 

CALL  TINC 

1  FI  SENSE  LIGHT  11 
_ 11  «  T  »  .9 

44,  47 

12  «  TOP  ♦  .9 

13  •  TP-G  ♦  .9 

_ '  ■-  =• _ ° 

is  ■  TPTL  ♦  .9 
WRITE  OUTPUT  TAPE 

10,1312, 11, CYC, 12*13, 14, 13, PGP, PTP,XMW6P,VGP,YCP 

43 

1F10PTNKI  43,  46, 
11  «  TGS  ♦  .9 

p  .  TtTf.  A  -Q 

43 

13  ■  TLS  +  .9 

14  ■  TSTL  .9 

_  WRITE  OUTPUT  TAPE 

ln.itJA.  n  ,ia. »3.i4. ar.tt.PTs , vmmGS .vas.ycs.vua. 

46 

10° 

1YPVS,WFCLS 

WRITE  OUTPUT  TAPE  10,  100 

enSM»Ti}is».,gHfA(F  TFOMtuittn  4  rnucFrnTtuF  dfi  t  >  fi./iHii 

47 

GO  TO  1 

CALL  NCPT 

— IF  1 T  -r-CftOiL  13, 32,32 - 
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32  IF  { OPT  NK.  J  33.33*12 

33  CP02  =  CP02  +  CPO 

- 6O-T0..-13 - - - 

110  FORMAT  t 1H110X.52HMAIN  TANK  INJECTION  PROPELLANT  PRESSURIZATION  SYS 
1TEM30X.4HPAGE14//// I 

- 1344 - FORMAT  16X.107HT - CYC - TCP _ TETG _ TLE - TPTL - PCP - 

1  PTP  MWGP  VGP  YCP  YVP  WFCLP  WTR//5X, 14.3X. 

2F7.1.4I3X.14 I  .2I3X.F5.1  1  .3X. F7.3 . 3X.F5. 1 ,3< 3X.FS . 3 ) .3X.F7.3/// 1 

- 1444 E-QftMAT  <-9-X-.-104HIGS - L&T6 - TL1 - 1&1L - ECS - UTS - M — 

1WGS  VGS  YCS  Y VS  YPVS  WFCL3/ /5X .4 ( 4X . 14  I ,2  I 

24X.F3.1).4X,F7.3.4X,F5.1»4(4X»F5.3I///) 

— — 1307 - FORMAT  I  55X  .RHSHUTOQWN/ /.JV - 

1  11X,  98HT  CYC  TGP  TPTG  TLP  TPTL  PGP  PTP  MWGP 

1  VGP  YCP  YVP  WFCLP  WTR  WTCP  WTCLP// 

- 2I-14.X.F7  .-l-tUl  X  .14  )  .2  IX  ,F-5. 1  )  .X  . F7 . 3 .  X >FS  .0. 3  I  X.F-0.-3  )  .  3 1  X  . FT.  3  I  X/ /  ) — 

1508  FORMAT! 11 3H  TGS  TSTG  TLS  TSTL  PGS  PTS  MW6S  VGS  YCS 

1  YVS  YPVS  WFCLS  V.'TCS  WTCLS  WTVCF  WTClF  WT  1 CF  /  /  3X  .4  ( X 
2.14  I  .2-LX-.F-Il.XL.-X .E-7-.2 iX-tE3. 0j.4XX-aE5-«3. )..  31XaE_1. 3 )  /  /  /  ) _ 

40  FORMAT!  )H’  /4t,x,2«HUlCT  10NARY  OF  OUTPUT  SYMBOLS// /  1 2X  »  3MCYC 1 2  X  .361 1C 
lUMULATlvt  NUMBER  OF  1 1  Fit  INoREHEN I S/  12X ,4F»-i*6P  1 IX . 301 IMOLLCUL AR  XL! 

- - 26HT..GAS,  P-.  TANt,/4ax.4.HKMC.frn.X430HMOLECULAft-WCtCMT.»  CATj..— -TANX./-  ■ 

312X.4H0PBP11X.22H0PTI'.N,  BLEED.  P.  TANK/ 12X .4H0PBS11 X . 22HUPT ION «  B 
4LEED.  S.  TANK/12X.4HOPCS11X.27HOPTION.  COMBUSTION.  S.  TANK/12X.4HO 

- 5B1PX1X.26FTQPTION.  .  INJECTION.  P.  TANK./  12X  .4HQP1 HXX . 2 SHORT  ION.-4-N JL  — 

bCTION.  S.  TANK/12X.5HOPPCS10X.32HOPTION.  PRESSURE  StNSUR.  S.  TANK/ 
712X.5N0PPCP1  OX . 32HOPT ION.  PRESSURE  SENSOR.  P.  TANK/  12X.5F.OPVUP  10 X . 

_ 836H0PT.IQti...VAPUR  .BlSSDUATlCN.  .£*  VAPUR/l?X.aHUPVU.SlQX.35H0PT.UTN.V- 

9AP0R  DISSOCIATION,  S.  VAPOR) 

41  FORMAT  ( 12X .3HP6P12X .22FTPRESSURE  .  GAS.  P.  TANK/12 X, 3HP6S 1 2X  .22HPRES 
- ISURE.-  6A.S-,— S* — TANK/.12£-»81IP»U  IQ-LQX  .  1AHPRIWARY  -L 1UU-I  D/12X»3hPTP14x»2 

23HT0TAL  PRESSURE.  P,  T ANK/ 12 X, 3HPTS12X , 23HTOTAL  PRESSURE.  S.  TANK/ 
312X.4HRCLPllX3lF!WE16HT  RATIO.  LIQUID  TO  TOTAL  PRODUCTS.  P.  KEACTIO 

_ 4N/.12X.4HRri.SlU,S.lHWFir,TH  RATIO.  LIQUID  TO  T.JTAI  PRODUCTS.  S.-REAC 

5TI0N/12X.3MKMP12X.38HREACT10N  MIXTURE  WEIGHT  RATIO.  P,  TANK/12X.3H 
6RMS12X.38HREACTION  MIXTURE  WEIGHT  RATIO.  S.  T ANK/ 12X .3HRUNNOIOX • 1 

- 7-HRUN- NUMBER/  12X.U1T  14X «4HT IMEJ-12X. AHTF B 12X .ABHAUlAbAT II. -  F LAMA—  T LMP 

8ERATURE.  REACTION  IN  P.  TANK/ 12X, 3HTFS12X .48HADI ABAT 1C  FLAME  TFMPE 
9RATURE.  REACTION  IN  S.  T ANK/ 1 2X  .5HS.L I Q 10X . lbHSECONDARY  llUUID) 

47 _ FOBMAT  11  7X.3HTGPT  7  X  .  7  3  HT  FMPF  R  AT!  IB  I-  .  C.j.'j.  D.  T  A  MX  /  1  7  X  ■  XHT  I.R  1  7  X  .  7  4HT 

1EMPERATURE.  gas.  S.  TANK/12X.3MTLP12X.2BHTEMPERATURE.  LIQUID.  P.  T 
2ANK/12X. 3HTLS12X, 28HTEMPER ATURE ,  LIQUID.  S.  T ANK/ 1 2X .4HTPTG1 IX .32H 

- - - 3XEMP-EBAT-UREX--P-.-TANK  IKE XI.  TO  CAS/12X.4HTPTI.  1 IX. 3SFITEMRE NATURE-.  P. 

4TANK  NEXT  TO  LI0UID/12X .4HTSTG1 IX .32HTEMPERATURE »  S.  TANK  NEXT  TO 
5GAS/12X.4HTJ  TL11X .35HTEMPERATURE .  S.  TANK  NEXT  TO  LIQUID/12X  .3HVGP 

- _ ftl2X.2l)HVOUIKE»  GAS.  P»..  T  ANK  / 1 2X  .3HVGS14X  i  30HVQI  uMK  .  GAS .  S.  JANK/ 

712X.5HwFCLP10X.48HwF.IGHT  FRACTION,  LIQUID  FROM  COMb/LIUUlD  P.  TANK 
8 /12X . SHWFCLS 10X.48HWE I GHT  FRACTION.  LIQUID  FROM  COMB/LlUUID  P.  TAN 

9K/12X. SMWT-CCE10X.41HXCJAL_UE1GMT  .  COMB. PRODUCTS  IN  CJiUSS  .FLOW.) - 

43  FORMAT ( 1 2X , 5HWTCUP 10X  »  39HTOT  AL  WEIGHT.  LlQUlU  FROM  COMb,  P.  TANK/1 
12X.SHWTCLS10X.39HTOTAL  WEIGHT.  LIQUID  FROM  CUMB.  S.  TANK/12X.4HWTC 

_ 2P11X.35HTOTAL  WEIGHT  GAS  FROM  COMB.  P.  T ANK/12X .4HWTCS1 1X.42MTUTAL 

3  WEIGHT  COMB  PRODUCTS  IN  GAS.  S.  TANK/ 1 2X . 5hwT t CF10X ,22Hl NERT  GAS 
AIN  CRO SSFLOV /12X » 3HWTR12X. 22HTOTAL  WEIGHT.  REACT ANT/ 1 2X .3HWTVCF 10X 

_ 5. 37HT0TAL.  WEIGHT.  VAPOR  1  N  CROSSFLOW  /  1  7  X  .  3HYCP 1  7  X  .44HMULE  FRACTION. 

6,  COMB  PRODUCTS  IN  GAS,  P.  TANK/12X.3HYCS12X.44HM0LE  FRACTION.  COM 
7B  PROOUCTS  IN  GAS.  S.  T ANK/ 12X .4HYPVS1 IX , 39HMOLE  FRACTION,  P.  VAPO 

_ BR  IN  GAS.  S.  TANK/12X.3HYVP12X  .3SHMQLE  FRACTLON,  VAPOR  IN  GAS.  P.. 

9TANK/ 12X  » 3HYVS12  X , 36HHOLE  FRACTION,  VAPOR  IN  GAS.  S«  TANK/lMl) 

END 
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-C— 


-WWt.  CONDITIONS  SECONDARY  TANK _ 

SUBROUTINE  ICST 
COMMON  A.C.Ii 

dimension  A1132Q-1  ,-atusoi..ci  laoi _ 

EQUIVALENCE  IA(1I .RUNNO) ,(A(2 ) ,PL IQ l.( A( 3 1 «T l I • ( A 1 4 ) .VPT ) « I  A ( 9  )  I VO 
IP) .(At 6) .POP) *  I A ( 7 1 *TGP I « ( A ( 8 1 .TLP I . I A  I  9 1 .CPU) , ( A ( 10 ) .PPL  I t 1  At  11 ) , 


■■lAUiliL 


3PTNK 1 , (A( 17) .OPPCP I . ( All  8) .DOP) i ( At  19) ,CD0P) . (At  201 .PR) • 

A I  A ( 2 1 1  » TRP ) . I A{ 2? ) .RHCR) » IAI 23 1 ,AV ! , I A  I  2 A  I *CDV) » ( A ( 2 5 ) tCPRl 1  t 
5(A(  26  I  .CPR21  .  (A1  77  1  .DPI  (-.-LAI  3-8  )-.4PJl).-(-.A-L2a)-. CUSP  I.IA..I  3XU^CEXOU 
6(  A I  31  )  .CPPT  )  .  (Al  021  .CACP1  .(  A I  33)  .CMC) .  I  A  (34 )  ,CDT  I  »  (  A  (  35  ) ,  XFGWP  I  . 

7 1  A I  36  I  .CFGWF 1 .(At  37) .XEGLPI . I  A (38) .CFGLP I . < A < 39 > .XFLWP) , 
8UUAi.rciyl>i.nmi.lHiP'.m/.ii.criDi.iii/,»i,THn.mi,MlT»1, 

9  (  A 1 45  1  .XMWCP  )  .  (  A(  46)  .XXCP) •( A  (50)  .XMUCP  I  1 1 A  (  54)  ,CPCP  ) 

EQUIVALENCE  (  A I  58  )  .IILCLP  )  >  (  A I  62  )  .CPCLP)  .  [  A{  66  1  .XMKPV)  i  (  A  (67  )  »PPV)  . 
1  I  A  1  7  1  1  .CVAPP)  .  I  A  (  7  5  1-tCK.PV)  .(A1791  .liETVP  )  .  ( A  l  83 1 » XMVP ) . _ 


2  IAI  07  I  .  XMUVP  1  .  I  A  I  91  )  .CP  VP)  *(  A  (95)  .HVAPP  )  .  (  A  1 9  9 )  .Xi'iWl  )  . 

3(  A I  lO")  .XKI  )  .  I  A(  104)  .XMU 1  )  .IAI  108)  .CPI  >  .(*  (  112)  .Xf.LP  )  . 

_ AIALl-l-G-UJttdULP-l-.  1 A (-1-20  )  > BEJ-LP-l.  .IAI  124.1  .X-PL-PL )  .IL-U-lS-l  if.PLl1!  I  . _ 

5  I  A!  126)  .CPLP1  )  •  1  AM  27)  .CRLP2  )  .  (A  I  128)  .ACC  I  .  (  At  132  )  .VDLOP)  t 
61  A 1 136) .SPTGI . ( A ( 140) .ALGP) t I A( 14  4 ) ,ZP ) . I  A ( 148) .UCPUDV ) . 

7IA1152)  .HAP)  i  IAI  156)  l  TAWP 1 _ „ _ _ _ _ __ 

EQUIVALENCE! Clll .CCP 1 . 1 C 1 2 ) »CF ) . ( C ( 3) . CPGFX ) . I C (4 ) .CPGP ) 1 1 C ( 5 ) »CPG 
IS  I . ( C  <  6 » .CPLP) I (CI7I.CPLS) .ICI81 .CYC) . (CIO) .DMUOT ) 1 1 C I  10 1 .DPUOT ) . 

- 2.IC.L.1I  )  .DTTRDIl.iir  M21.DA/AA1  L.  If  I  1  a  )..IWniVL)....I  (  (  I  4-L.DltlBDT  )  .  I  ft  13)  .El 

3P1.ICI  161  .FIS)  .(Cini.F  1SFX)  .  (Cl  18I.FCP)  >(C(19)  .FCS)  .(CI20)  .FCSFX) 
4. 1C! 21  I ,FPVS).IC<22) .EPVSFX)  . (C ( 23 ) .FVP 1 . tC 1 24 1 . FVS ) t I C 1 25 1 .F VSF X ) 

~ ' 6. (C ( 3 1 ) .HE  1 . (C 1 32 1 .MGS ) . I C ( 3 3 1 .HOP I . I C I  34 ) .HI ) , (C135  1 .HSCLP I » I C I  36 
7 ) .HSCLSI  .  ( C  l  37 ) «HVPG ) . ( C ( 3B ) .HVSG 1 . 1C  I  39 1 . XKGFX I .  (Cl 41 

_ 8  )  i.XMWGP  1  .  1 C  ( 42  l.«  XMV'GFX  i  «  1C  143  1  .  XMwGS  1  .  t  C  144  1 .  XMWGS2  I . I C 1 45 ) . XNWPVT 

9) , I  Cl  46) .XMWVP) , 1C (471 .XMWVPl I 1 1 C ( 48 1 . XMWVS ) . I C I  49 ) . XMWVS1 ) 
EQUIVALENCE  (C(51).PIP).ICIS2) ,PI S 1 . 1 C I  53 ) .RHOLS 1 . 1 C I 

1541  .P  T.P-1  .  LCL55 1  x2. IS.L.  ICl  5  6. LtQQ&JEL  1 1  LCX5-7  UQDCUS1  >1 CX5  E-LtUUCLPlj-LCl- 
259)  .QDGI.S)  .  IC160I  iQOGCP  ) .  I C  (  61 1  .QDGOS )  »  (CI62 1  .UOGS) .  ( C  1 63  )  . QDGWP  )  » 

3  (C  164  I  .QDG'JS )  .  ( C  ( 65 )  .UDLOP 1  •  I  C 1 66  )  .QDLUS)  .  IC167)  .DDL  PC  )  .  I  L  I  68  )  i  QDL 
-  4PR).iri691.UDLaCl_.iri7Q)  .UQLWP).  If  I  71  l  .QDLU..  )  .  I  C  [  77  1  .(IDMI.H  ).  1C  I  73  I 

5.QOPR1 • ( C I  74 ) .QDRPK ) . I C ( 75 1 .QDSPC 1 .  ( C ( 76 1 tQDSR ) » 1C  I  77  I lODSSCl. (Cl  7 
68) .QDWP) « ICI79) »QDWS) .  1C  I  82  I  .SPTU 1  .  ICI83 

7  I  . SST U 1 «. I C 1 8 4 1  •  T  1  »  ( C ( 8il j.T.F.tEU-1  Cl U6  )-U f  CSUJ  C  UUiI G52I. *_LCJL Bai  t  TP 
8TL).(C(89)*T!>T6).(CI90).TSTL  ) .  I C  ( 91 1  .  TT  I  .  (  C  (92 ) .  VLP )  .  ( C 1 93  I  »  VLS  I  * 
9ICI94I  «VLP2  )  .  I  C  (  95  I  ,wl  321 


.  060UIVA|.gl*CK  (C4  94)  .WIWR  ).1C<  97)  .WOi»>  ).  144  9».)  .WPCFX)  . (C(99)  .WDLLL  )  . 

1IC  1 109)  .WOOLS  1 . 1C  I  101 1  »WDCP  )  .(CU02)  »W  CP?  1 . 1 C 1 103 1  .WDCS ) .  (C  1 104)  • 
2W  CS2 1 . I C 1 105 1 »w  GSI.ICI106) .WlP) .IC( 107) .WIP21 • (C ( 108 1 tlrflSI » (C ( 1 

- -  —39)  (BWkWWI  .wavs  2  ).IC(  111)  .WW-)  .1  CU  12)  .WST62).  ICIIU)  .wvfi). . 

41  Cl  114) , WOVP). ICC 1151.WVP2) .(C(116).WVS).tC( 1171 .WDVSI.ICt 118) »WV$ 
52  I . (Cl  1191 .WFCLP)  .  (Cl 1201.WFCUS) *ICI 121) .WTCCF 1  *  ICC  1221 .WTCLP) . ICl 

- n»'.n)n{).ifm.i.LiTrm.irMp>i..Tm.irm.i.wTli  EjLUtCXUlUttl 

7R) ,(C< 1281 .WTVCFX) . (C (129) *XF I » < C1130 I .YCP I » (C < 131 ) »7CS) • I C  1 1 32 1 . 
8YIP) , »  Cl  133  I .YIS) .(CI1341.YPV5) . (C 1 135 ) t Y VP ) . I C I  136) . YVS ) . I C 1 1 37 ) * 

OEQU I  VALENCE  (C 1 141 1 .OELQGP) . (Cl  142) . OELQGS ) . I C ( 143 ) .DELULP ) . 1C (144 
1) .DEU0L5) .  1CI145) .OELQWP ) . ( C ( 146 ) iDELQWS ) * (C 1 147 ) .DELT ) . (C 1 148 > .DE 
- 71  TCKi.iri149i.ngun  u  .  iriuni.nn  auPl.ltmi  I  .dfi  nun.if  i  mi.mnr. 

3FX ) . (C ( 1 53  I  . XMUGS ) . (C ( 154 ) .RHOGFX) . ( Cl  155  I .PGS2 ) . (C ( 156 ) .RHOLP) 
EQUIVALENCE  (C(  157).WCP).(CI158) *WCS) 

- EQUIVALENCE  ICIlS9l.T-PIG)tlCll6ril.Vir.P).(C(16HACPQ21 - 

EQUIVALENCE  I C ( 162  I .WPVSI . ( C ( 163  I .XMwPVS) . ICl 164 1 .WTCCFX ) 
EQUIVALENCE  (Cl  165  I .WPTG) . I  Cl  166 ) .WSTG) 

_ EQUIVALENCE! an  i.SLiO).iHi}).vsTi.i4m.vr'3).mm.Pns). _ 

1(B(5I »TGS) »(Bt 6 l.TLS) .16(7) .DELPPSI . (8(8) .PS) . (BI9) .VLSL) • 

2(B( 10) .OP VOS  I . (B( 11! .UP IS) . I B ! 12 ) »OPBS) • ( R( 13 ) .OPCS) . 

- II  B  (147  .OPPCSI  . I  HI  15  1  .DUS) .  181 16  1 .CPUS  I . ( B n 7 )  .DAT) . (HI  IB)  .SST1  . 
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4IBI191  .CWSS! . ( BC 2 0 ) »CSTO> • C BI21) «CP5T ) . I B ( 22 ) .CACS 1 > l b ( 23 ) .XFGWS) » 

5  IB! 24) .  CFGVS) . IB( 25) .XFGIS) • IBt 26 ! .CFGLS ) . I B 1 27 ) .XFLWS1  • 

_ ftlB<78).CFLWS).lBI-291,RHS).(B130).RCL£).tBt311.TFS).IBI3?).XMWrS). 

7IBI331  .XKCSI  .  (BI37)  .XM.UCS)  »  (  B!41 )  .CPCS )  .  (  B  1 45  )  .HLCLS  )  t 
8IRI49 I .CPCLS I  *  IB  I 53I.XMWSV) « (B! 54 1 .PSV ) » ( B ( 68 1 .CVAPS ) . 

_ 9IBX623  .CKSV)  .  IRI66-1  .RFTVS1 «  I  BllOUXtLV&UlBXlM  .XHUVSl _ 

EQUIVALENCES  I  78  )  .CPVS)  .  (8 (  82  !  .HVAPS  )  «  (  B I  86  ) » XXLS  )  »  l B  (90  I  .XMULS) » 

1(B! 94  I tBETLSl . (B I  98) .CPLS1)  t  IB ( 99 1 .CPLS2 1 . (B1 100) iCPLSIl ♦ 

_ 2  IB  I  101  )  .CRLS2I.1B.I  102  I  .VOLOS)  ,ift  I  106)  .SSTR)  .IBI  110) .ALGS) . _ 

3(R<  114)  .ZS1.IRI11B)  .DZSBDV  )  *  I  Bl  122  1  .HAS)  . IB  1126)  .TAWS) 

TSTG  »  TGS 

_ _ _ TS-TI _ »— TLS _ 

RHOLS  »  CRLS1+  CRLS2*TLF 
VLS  =  VST  -  VGS 

_ _ CAIL  TARSIVGS.ZS.1616) _ 

CALL  TARSIVGS.SSTG.1607) 

WSTG  =  SSTG^CWS.S 

SSTL  .«  SS.T  -  SLT G - - -  ... _ 

WTCLS  «  0. 

WFCLS  «  O. 

_  _ WTVCEXb,  0. - _ - __ 

WTCCFX  =  0. 

WTICFX  a  o. 

_ WTC.S-8.  0. _ 

TT  «  TLS 

CAUL  TABSITT.PSV.1SS5) 

_ CALL  TABSITT  >(~  VAPSxlS*  9,1 - 

PIS  «  PGS  -  CVAPS»PSv 

WIS  .  P 1  R*VC.S*XMWI  /  1 10.73*TGS) 

_ _ WCS-»  0. - — - - - - - - 

IF10PVDS)  301,301.302 

301  XMWVS  »  XMVSV 

_ SO  TO  .  303 - __ 

302  TT  »  TGS 

CALI  TABSITT.CKSV.1562) 

____XMMVS  ■  XMMSW  LX»— Yl«  /SORT  E  1, 1  » CK^V«  CVAP-S.tBSV-)-J _ _ 

303  WVS  ■  CVAPS*P5V*VG5«XKWVS/(10.73*TGS) 

WGS  *  WVS  +  WIS 

_ FVS-m.  MUS/Ulfi.S -  - 

FIS  »  1.  -  FVS 
FCS  «  0, 

- EPVS  »  0,. - - 

WPVS  *  0. 

XMWPVS  •  XMWVP 

_ »Mur.F  .  ur,4yiwv.4/XMwvs  ♦  ROSZimU _ _ 

YVS  «  FVS*XMWGS/XMWVS 
Y I S  •  1.  -  YVS 

_ Y8US— 0. - ___ 

YCS  ■  0. 

II  »  TFS  *.9 

- 12— B-QB-LS — ±—^a - - - - 

1 3  b  OPV0S+  .9 

14  •  OPRS  ♦  .9 

- 18-b-OBCS - - - 

16  «  OPPCS 

CALL  TABS  IT. ACC. 129) 

_ BIS  B  Pf.4  ♦  7SBRHOI  R«Arry4A44. _ 

WRITE  OUTPUT  TAPE  10.304.SLIQ.RMS.RCLS. 1 1. 12 ♦ 1 3. 14. IS. 1 6 
304  FORMAT! // //43X  «34H  I NI T I AL  CONDITIONS  SECONDARY  TANK//17X.B5H5.L  10 

_ 1 _ SMS _ .,.,-RCLS _ 1ES _ 0P1S _ QPUDS _ QPBs _ ft. 

2PCS  OPPCS//17X.A6.2 (5X.F5.il .SX.I4.5I5X.I5)////) 

RETURN 

)  _ CMP _ i _ 
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r  tuiTifti  mniim  primary  tank _ _ 

SU8R0U  TINE  1CPT 
COMMON  A,r.8 

-  DIMFNS  ION  A(  1320-UfU-l  1  30 1  .-Cl  U)0) - 

EQUIVALENCE  I  A! 1 ! .RUNKOI . I  A ( 2 ) .PL  10 ) . ( At  3 1 »T I ) . ( A ( 4) .VPT ) . I A l 5 ) .VG 
IP) . ( A<  61 .PGP] . t A  I  7 1 .TOP  1  * ( A 1 6 ) .TLP) * l A (9 ) .CPO) . 1 A ( 10 1 .PPL ) • ( A ( 11 ) . 

- jPPH  )  .  I  A 1 1 Z  I  .VIPL  U-LA4  13I.J3PVPP)  .  1  A  1  1 A  I  >QP  IP  )  .  U  1 1  5  )  >(,)PRP  IiUIUI  «Q. 

3PTNK) t ( A  I  17) ,OPPCP) . IAI18) .OOP ) . ( A 1 19 ) .CDOP) . ( At  20) .PR) . 

A l A ( 2 1 )  »TRP ) «  t  At  22 ) .RHC'R ) . t  At  23) .AVI . ( A t 2 A ) .CDV ) .  I  A I  25 ) .CPR1 ) . 

5(A(26 )  .CPK2  1  .  I A  l  27  1  .DPT  )  .  [At  28)  .SPT)  .  I  At  29.)  .OtSR)  .  (A  UQ-l.CPTU)  . - 

6 (At  31 ) .CPPT) . ( A  I  32) .CACP) . 1  A  133) .CHC ) . ( A ( 34  I .COT ) . 1  A ( 33 ) .XFGWP) ♦ 

7 ( A ( 36  I .CFGWP ) , ( A ( 37 ) «XFGLP ) t ( A ( 38 ) .CFGLP I •  l At  39) .XFLWP ) • 

- 8X41401  .CFIWP  1  amiUJtm.  1  A142X*ag^-UXAXA3-UJE£-l  UJLUU. )  > T R  J— » - 

9 ( A  t  43  I .XMWCP ] . (At  46) .XACP) . ( A  I  50 ) . XMUCP ! • t A t 54 ) .CPCP ) 

EQUIVALENCE ( A( 5ft ) .HLCLPI . I A( 62 ) .CPCLP ) , I  A ( 66 ) .XMwPV) . ( A  I  67 ) .PPV ) . 

1  t  A 1 7  1  1  .  CVAPP  1  .  (  A(75)-.rXPV)  .(At  7.9)  ,  BET  VP  )  .  IA  183 )  .XlCVR)-i _ _ 

?( A  (87 ) .XMUVP I . I  A (91 ) .f PVP 1 . I  A ( 95 ) .HVAPP ) , ( A (99 1 ,XMWt  ) . 

3( A( 10 J ) .XXI  I . ( A( 104 ) . XMU 1 ! . ( A( 108 ) .CPI  1 . ( At  I  12 ] .XNLP I . 

_ _ _  4  1  ATI  1  6  L.XMULP  1  .  (  All  ?m  .PFTLP1  .  I  A  I  134  )  .fPLP)  I  .  (  A  I  1  23)  .fPLPP  I  . _ 

5  (At  126)  .CRLP)  )  .  ( A  l  12  /)  .CRLP2)  *  (  A  (  12  8  )  .  ACC  ) .  (  A  I  1  32  )  .VDLOI* )  I 
b(A(  116 ) .5PT0) . ( At  140) . ALGP I . ( At  144 ) »ZP ) . ( All  4  8  I iQZPpDV ) > 

_ XULUS2-UfciA£X«-LAX 156)  .  T ARP  ) _ _ _ _ _ 

EQUIVALENCE t  C ( 1 ) .CCP)  .  1C  t  2 ) .CF )  .  1C  I  3  )  .CPGFX ) » ( C I  4 ) .CPGP ) > I C ( 5 ) *CPG 
IS  I  .(Cl  6)  .CPLP) .  (Cl  7)  .CPLS)  *  ( C  ( 8 )  .CYC ) .  ( C 1 9 )  .OFiBOT  ) .  (  C  (10 )  .DPBDT  )  , 

- 3  If  111  )  .PTTROTl  Lin  12  1  .OVARII  ...IC  M3)  .OUBOT  I  .  1  C..I  1  4  )  .ONHOT  I  .1C  I  13)  .FI 

3P) » C  C  *  16) .EIS) . t  C  t 17 ) .FISFX) .tC(18).FCP) . (C119I.FCS) «(C(20) .FCSFX) 
4.ICI21 )  .FP'/S  I  .  t  C(22 )  .FPVSFX) .  ( C  (23  )  .FVP  ).(C(24).FVS)t(CI23).FVSFX) 

_ -3j-t-Cl2&.UF.CfiFXI  U-C-l  27 )  .E1PFX) UX.12&1  tEVE-FX  1  .  LCJ29  )  .HCP )  .  1C  130)  .HCSl 

.6.1CI31 I.HF) ,(C(32I .HGS) .(CI33) .HOP) . (CI34) .Ml  I . ( C I  35 ) .HSCLP ) .ICI36 
7  I .HSCLS ) . ( C ( 37  I «HVP6 ) . (C  t  38 ) »HVSG ) . 1 C ( 39 ) .XK&FX ) .  (Cl  41 

_ _ Al.XMUf.Pl  .-LC147  1..XMWOF.Y1  .If  143)  .  XMur.A  1  .  I  f  I  *4  I  .XMUL..3?)  .[fl45)  .XrtWPUl 

9  1.(0  461 .XMWVP ) . ( C ( 47 ) .XMWVPl ) . ( C l 48 ) .XMWV5 ) . (C ( 49 1 .XMWVS1 ) 
EQUIVALENCE  I C ( 5 1 )  .P IP ) . IC I  52 1 .PIS  I . ( C 1 33 ) .HHOLS) . (Cl 

- Uta^UU-.tClS6>.PT.S).ir(S6).QDCLEJ.CCIS7).Pna.S).ICISa).UU6LP.l.lCI 

7391 .QDGLS) . (C ( 60) .QDGCP) . (C( 61 ) .QDGOS) . (C(62 ) tUOGS) . (C ( 63 ) .QDGWP ) • 
3ICI64 l .Q0GW51 . ( C l 65 ) . UQLOP ) > ( C ( 66 ) <  QDLOS ) . t  C ( 67 ) .QDLPC ) . ( U 68 1 . QUL 

- 4PBi.  irifcai  .mil  sri.irnm  .0111  upi  .  i  r  i  71  i  .001  u4> .  i  r  i  77  1  .oopr.B  i  .  if  n.  1 

3.QDPR) . ( C ( 74 ) .QURPK) . I C I  79 ) .ODSPC ) . IC I  76  I  .QDSR I • ( C ( 77 )  .UDSSC) . (Cl  7 
68) .QOWP) »(C(79)  .QOWSI .  ( C I  82 1 *SPTL ) . ( C I  83 

_ 71-iSSTL)  .1CI84)  .T)  .1C1B5)  .TFCP  )  .  I  C  (  86) .  TFCS )  .  ( C  (  S7  )  .TGS2  1 . 1 C  I  88J  .TP 

8TLI . 1C189) .TSTGI . ICI90) .TSTL)  .(C(91 1 .TT)  .(CI92) .VLP) .ICI93) .VLSI , 
9ICI94) ,VLP2) . ( C 1 95 ) . VLS2  ) 

.  LEQU I  VALENCE  W1H  .WPBM,)  « I U  97 )  rtlM  1 1 . 1 C  1 98 )  WXBCKX  I  >  ICt9»)«wva.W  I  »- 

1 1 C ( 10U I .WDCLS ) . ( C ( 101 1 . WDCP ) .10102). W  CP2 I • ( C ( 103 ) .WDCS I . t C (104  ) . 
2W  CS2 1 » (C( 105) »W  OS  1 . t C 1 106) .WIP) . (Cl  107) .W1P2) . IC ( 108 1 .WlS 1 . ( C ( 1 

- 39).WI3.24.(C1110).WBVL24-.<a-Ul)»EQB-).lC(U2>-.WtT(.2).lCUH).MVR)  ■ 

4 (CIl 14) .WDVP1 . IC( 113) .WVP2) . ( C ( 116 ) .WVS I . (C t 117 ) <W0VS I . (C( 1 18 ) *WVS 
32) .(Cl  119) .WFCLP1 »  (Ct  120)  .WECLS).  (0121) .VtCCFI. tC 1 122 ) .WTCLP) . ( Ct 

_ ftuiuma  Ei.if  ii.Ai.MTfDi.ifiini.yTfu.ifimi.MTIfFXi.Kmli.uI. 

7R ) .  ( C  ( 128 ) .WTVCFX ) . (C(129).XF).(C(130) . YCP) . (Cl  131 ) •  YCS I . ( C 1 132 ) » 
8YlPI.ICI133I.YtS).tCtl34).YPVSI.ICtl35I.VVP).(Ctl36l . YVS) . t C 1 137 ) . 

_ 9BETaF.X)»LCl  1S4-)  tGAWGP-U.U 1 139  )  .GAMGS) - - - - 

OEQU I  VALENCE  (Cl  141 1 .DELQGP) 1 l C ( 142 ) .DELQGS) . (C( 143) tDELQLP  ) . ICt 144 
1 ) .DELQLS) .( Ct 145  I .0ELQWP).tC( 146 ) .DELOWS) . tCt 147) .PELT I.ICt 148). DE 

_ 2LTFXI  .ICI149)  .DFWM  6)  .10)501  .  DEL  UUP  I  .  I  f  M  3  1  ]  .OFLWV.3  I  .  1  C  13  62  )  xXMllG 

3FXI .(C( 1331 .XMUG5) .(C( 1541. RHOGFXI .ICC  153). PGS2). (Cl  156) .RHOLP) 

equivalent:  ic i  157 i  .wcpi  .ict  isei  .wesi 

_ EQD1  VALENCE  (Cl  139)  .TPTf.l.  1C  1166  1  .UGP)  .  I  f  I  1  61  I  .f  PQ7  I - 

EQUIVALENCE  (C( 163 ) « WP T G ) » I C ( 166) .WSTG) 

EQUIVALENCE (B( II .SLIQ) ♦ tB( 2) .VST  I . 1 8 1  3 ) • VGS ) . I B ( 4) .PGS) » 

_ )(RI3).TGSI.(B(6).TL6I.(R(7).PFLPP6).(RIA)  .PA.)  .  t  fl  I  9  )  .  VLSL-Li - 

2(Bt 10) .OPVDS).ia(ll) .OPlS).(Btl2).OPBSl .(BI13) .OPCS). 

3IBt 14) .OPPCS) .181 13). COS! i <81 16). COOS) . t B( 17) .DST I . IB t 18) .SST I . 

6IRM9),.CMSS)«tB(?01.rSTm.(RI?tl.rPBTI.IRI?2l.rAr6)«trt(?3)  .XFf.MAI  » 
5(9(241  .CFGWS).(B(25) .XFGLS). (8(26) .CFGLS) .18(27) .XFLWS ) . 

6IBI28) .CFLWS) .(B(29) .RMSI.IBI 30) .RCLS) . (8131). TFS 1.181 32). XMWCS) * 

_ 7IRI33  1  .XKf  61  .  IRI  37  I  .XKUC41  .  IB  141  I  .CPf.6  1  .  1  R  I  46  )  .HI.CLS1  . - 
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8(8(49)  .CPCLS) . (Bt  53! .XMWSV) ,16(54  1 ,PSV ) , ( B ( 58 ) «CVAPS ) • 

9(8(62) .CKSVI ,(R(66).BFTVS1 .(B<701 »XKVS) , ( 8 ( 74  I t XMUVS i 
EQU-lVA  1  F  MTF  [  h  I  7fl  1  .CPUS!  lifllm  .HVAPSI.IRIftM.XKLM  .  I  R  1  90  I  .  XMIIL  SI  . 
1(81941 .BETLS) . 1 B [ 98 ) .CPLS1 ) . t B ( 99 1 .CPLS2 ) *(8(1001 .CKLS1) . 

2(B(  HI  1  ,CRL5  2  I  •  (  B  ( 102  )  ♦  VOLOS )  •  1 8 1 106  >  .SSTG1 ,  l Bt  110 )  .ALGS) . 

JXB-LmU-./S.)  *  I  ft  ( 1 1  fl  I  *07 fiBDV  I  *  (  B ( 1 24  l.»HAS )  *  X  B  I 12-6J-.  T  AUS 1 _ 

T  *T| 

TPTG  “  TOP 

_ TPTL  A_tl.fi _ _ _ _ _ _ — - - . -  - - _ - 

RHOLP  *  CRLPUCRLP2*TLP 
VLP  *  VPT  -  VGP 

CALL  TAaSiy.GP,IP_ilA&J - 

CALL  TAHSIT.ACC.129) 

CALL  TARS(VGP,SPTG.13?) 

WPTG.  *  SPTG*CWSP - - - - 

SPTL  =  SPT  -  SPTG 
WTCLP  =  o. 


mice  *  Q  - 


WFCLP  -  0. 

WTR  =  0. 

_ _U_»-U,P - - - - 

CALL  TARSITT.PPV.68) 

CALL  TARStTT.CVAPP.72! 

_  p;p  -  ar.o  -  rwaPBtRttLl - • 

WIP  «  P1P*VGP»XMWI/ l 10.73*TGP) 


WCP  «  o. 

-IF-IQPV  0P4  20  U2-0  Ui02 


201 


-404- 


XMWVP  «  XMV/PV 
GO  TO  203 

tt  «  taa 


CALL  TA8SITT.CKPV.76) 

XMWVP  *  XMWPV/tl.+l»/SQRTFU.t4.«CKPV*CVAPP*PPV)  » 

~  ii  in.7a»TGPi _ _ 


WGP  «  WVP  +  WIP 
FVP  «  WVP/WC’ 

jin  ■  - - - 

FCP  *  0. 

XMWGP  ■  WGP/ ( WVP/ XMWVP  +WIP/XMWI I 


nvB«xwwaP/xM)FVB 


YtP  «  l.-YVP 
YCP  »  0. 

- cyc.  «_q» — - - — - 

CP02  *  CPO 
IF(OPIP)  204,204.205 

*SA — ccp  ■  a*  , — — - - 

GO  TO  210 

205  JF|PGP+ZP*RHOLP»ACC/463J.-PPL)  206,206*207 

406 _ CCB-m  i.  - - - - - 

GO  TO  210 
207  CCP  •  -1* 

41fl— -II  i  RllMNf)  t  .9 - - - - - - - 

1 2>  TFP  4,9 
1J«  0PIP+*9 

_ t am.  ,aPvnp*»9 - 


1J»  0PBP4.9 
16*  0PPCP4.9 

PTP  *  PGP  ♦  ZP*RH0LP*ACC/4633« - 

208  WRITE  OUTPUT  TAPE  10.209.11  .PLlQ ,RMP ,RCLP* 1 2 • 1 3 . 14* I  5 • 16 

209  FORMAT! 1H1//44X.32HINITIAL  CONDITIONS  PRIMARY  TANX//17X.85HRUNNO 


1  P-VIQ - BMP - RGirP - TFP  OP1P  8PVPP - OP 

2BP  OPPCP//17X . 1 5 ,5X*A6*2 (5X.F5.11 . 5X.I4*4(5X*I9)////) 

RETURN 

-END  - - — - - - - - - 
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_ r  _ HF  A  T  TRANSFFR  SFCQNDARY  TANi: _ 

SUBROUTINE  HTST 
COMMON  A.C.B 

DIMENSION  A(  1320)  ib!  1130)  »Cl  160!  _ _ _ 

EQUIVALENCE  (All!  iRUNNU  )  t  1  A  (  7  )  .PLIQ)  ,  (  A  (  3  ) .  T I  1  ,  l  A !  <*  I  ,VPT  )  .  ( A  ( 5  )  t  VO 
IP)  i(AI  6)  ,PGP  I  .IA(7)  ,TGP)  .  (At  8)  .TLP  1  .  ( A  t  9  I  ,CPO)  ,  (  A(  10)  .PPL)  I  (  A(  1 1  I  * 

- - 2PPH)  .(All?)  ,VLPL)  .44  I  131  .QPyPP)  .  I  ft  I  UUQR-LB-)  .  144-154  tl.lB.BP  )  » I  LX  16.).*U  .  . 

3PTNKI . ( A( 17! ,OPPCP) . ( A (1 B ) .DOP ) * ( A ( 19  I ,CDOP ) i ( A  I  20) .PR) • 

4IAI211  •  TRP ) . ( A  t  2? I  iRHL'RI  .  t  A(23!  .AVI  .  I  AC  2A)  »CDV)  *  (  A  (  25  )  *CPR1  1  • 

5LAL26)  .CPR2  !  .4  A4i7  l-.DPU  .444-284  .6P-J  )  1 1  A  t  29)  .CWSP) .  1AI30)  .CPTU)  . - 

6  (  AC  31  1  .CPPT)  .  I  A  (32)  .CACP)  » ( A ( 33) ,CHC ) »  < A( 34 ) «CDT  )  i  1AI35  !  .XFGWP)  i 
71  A (36) .CFGWP I i ( A ( 37 ) .XFGLP ) i ( A (30 ) .CFGLP ) i ( A ( 39 )  .XFLWP) » 

_ s;auq-i  .cflwpi  gAUi ;  .rmbi..  i aiw*kcuu » i  a-Mf3-i  .tep-uull6.4)*J-B-l. - 

9 ( A (  45  3  ,XMWCP>.( A (46) .XXCP ) » ( A ( 50 ) *  XMUCP ) • ( A ( 54 ) .CPCP) 

Foil  I  VALFNCI  (  M  5H  I  .HLCLP)  *  (  A  (  62)  iCPCLP)  .  (  A  I  66  )  iXMWPV)  i  (  A  (67  I  iPPV  )  • 

1  (  A(  71  )  .CVAPP  1  ,  (A!  76  I  XPV  )  >  l  AL79)  .RET VP  )  .  (  (Ll  B3  )-«-XNVP-).«- _ - _ 

?(  A  (87  I  iXM'IVP)  *  (  A  (91  )  if  PVP  )  t  (  A  (  95  1  iMVAPP  )  *  I  A  (  99  )  (XMVII  I  • 

3  (  A  (  1 0: ■  )  .  XK  1  )  *  (At  104)  ,XMUI  !  l  I  A  (  ICR  )  iCPI  )  1  (  A  (  11  2  )  .XK.LP  )  » 

— - 444444-64  -»XMUUAl-i-t  A  (-4  20  )  .GET  L  P  I  .  IA1124  )  .CPI.P-1  )  »  (4(4-251  .CPLP2) . - 

5(A( 126 ] iCRLPl ) « !A( 127) .CRLP2 1  .  ( A (  12  8) .ACC) . ( A( 132 ) .VDLOP) . 
b(A(  1  »ol  .SP1GI  .  (  A  (140)  .ALGPI ,  (  A (  1 4 4  )  * 2 P  )  *  I  A  (  1 4 £  )  .DZPE.DV)  i 

.  7  (All  52  I  »HAP1  »  lA-(-lAiil-»J.AM£.] _ _ _ - _ 

EQUIVALENCE  ltd  )  *CCP  I. (0(2). CF), (0131  iCPGFX)  i  (Cl  4)  iCPGP  I  »(C(5)  *CPG 
IS)  » I C  I  6)  *CPLP)  ♦  ( C  1 7 )  »CPLS  )»(C(8I»CYC)»(C(9)  ♦I'MHDT  )  •  ( C  (  10 )  .DPIiDT  1 1 

_ 2-LC4  1  1  I  UHIBBll  *  LOU  )  .L-VARl  1  .  If  M  7)  .bVlUlT)  .  ir  1  1.A.L.DWP.UT  I  .If  115)  lE  I - 

3P) |(C(  16) .FIS)  i(CI 17)  iFISFXI  ,  (C 1 1 8  )  • FCP I . I C 1 19 ) *FCS) . I C  1 20  I iFCSFX ) 
4t(Ct21)*FPV&).lC(22I.FPVSFX).(C(23)*FVP)«(C(24)*EVS)*(C(2SI«FVSFX) 

_ i.i C1264  , ECP-FX)  . 4 CUXUiUPfXJ-,  ICL2B).FVPFX)..  1C  (29.)  iMCP  ).  .4.0 L10 )  »HC61 

6«(C(31 ) *HF 1 « (C ( 32 ) *HGS) ♦ ( C ( 33 ) iHGP 1 1 (C ( 34 ) iH I ) 1 1C (33 ) .HSCLP ) « 1 C ( 36 
7) .HSCLS ) , (C ( 37 ) .HVPG) i ( C 1 38 ) *HVSG ) .  I C (  39 ) . XK.GFX ) .  (C!41 

_ a  i .  »MufiP  i  .  i  r  i  a  »  i  .ici.mr.Fy  uirum  .  xmuiC.e  ' .  i  r  1 44  1 .  xmwgs?  )  .  1  r  1 45 1 .  xrtwP.Vl — 

9)  1 1C  (46  I  .XMWVP) .ICI47I .XMWVP1 )  «  (C  (48)  »  XMWVS  )  *  (  C  (  49)  *  XMWVS1 1 
EQUIVALENCE  (C C SI ) *PIP ) ♦ < C ( 52 ) »P I S ) 1 (C I  S3 ) .HHOLS ) ♦ ( C  ( 

_ 13 4UB.IP-U1X.IS5)  .P.ISI.IC136)  .QPCLP)  .(Cl3rUQULL6l4LC136)  .QUGIP)  »tCi 

259)  iQOGl.S  )  *  (L(60)  »QDGCP  I  *  I  Cl  61 )  tUDGOS)  *  I  C  (  62  )  ,UDGS )  •  (  C  (  63  )  .UDGWP  )  . 
3(0(64  )  .QOGW1')  .  (  C(65)  .UDLOP)  .  1C (66)  tODLOS)  *  (C167)  .QDLPC ) » ( C ( 6B )  »UDL 

_ 4PPi.irn.oi  .nm  tri.mini  .am  «»i,  irnu  .rcr>i  mr 1  .  ( c  1 7?  1  .UI1P6WI  .  1 C  1 7.3  ) 

5.Q0PR1 I (0(741 .UDKPRI ,(C( 75) »QDSPC ) » l Cl  76 ) »QD5R 1 1 (Cl  77 ) .QDSSC) »  <C(7 
681.0DWP) .(Cl  79 1 .QOWSI •  (Cl  82 1 .SPTL) , (Cl  83 

_7I  tS&TLlj.LCmX»..IJ-i  4X.I&51  Of  CP  )c  10  1  B6U.1  FCS )  » I  a.B-7 )  tlfeSl  1 1  U.!8tt.UTP. 
8TL) • (0(89) «TSTG)»(C(90) .TSTL > « t C 1 91 ) »TT > » t C <92 1 > VLP I » (CI93) *VLS!  > 
9(0194) .VLP?) ,  (0(95 ) »VLS2 ) 

_ _ _ Ilfcom-VALENCE  lU.mFl.Wl)HB,l.ir(ST)..wnUi).IU-9a)  .wpr.exi  .  ICI99).WPCLP).«. 

1(0(100) .WOOLS) «IC( 101) »WDCP ) »(C( 102) «W  CP2 ) . t C ( 103 1 « WOOS ) . (0 1104), 
2W  CS2 I .(0(105). W  GS). (01 106)  ,WIP 1,(0(107) .W1P21 *101 1081  »WlS). (Oil 

_ _ 39)  ,Wl  52  I  .ICiaO)»WttVS2)  .  (C<  UIUWPRI  ,  10(112)  .Wltll.m  113)  .WVPt. - 

4(0(114) ,WDVP) , (Cl  1151 .WVP2 ) .  IC( 116) »WVS) »(C( 117)  ,WDVS  ) .  (C 1 1 18 1 »WVS 
52 )  »  (Cl  119 )  .VtFCLP I ,  (C ( 120)  .WFCLS )  » (Cl  121 )  .WTCCF ) .  (Cl  1 22 )  iWTCLP ) .  10  ( 

_ _ Mptl.UTfl  43  .  I  r  I  L24I  .UlrPl  .  If  I  L3.5  l.tmiiiriDAI  .WTICFXI  .  l.r  1  1  ?H»WT 

7R I , ( C ( 1281 .WTVCFX ) • ( Cl  129 ) «XF) , (C ( 130) .YCP ) , ( 0 ( 1 31 ) »YC5 1 ♦ 1 0 ( 132 ) * 
8YIPI • let  133) ,YIS> , (Cl  134) ,TPVS) . I C ( 135 ) , YvP ) * l C ( 136 ) ♦ YVS I  * ( C 1 1 37 ) » 

_ 9BET6FX.)  .10(138  UftAWBJ 4tUW  .GAMES-) - — - 

OEOUl VALENCE  10(141)  .OELQGP)  .(01 142 ) , DELQGS 1 , I C ( 143 ) .DELQLP ) 1 (Cl  144 
1 1 .DELOLSl .(0(145) .OELUWP) 1 (0(146) .DELQWS) » I C ( 147 ) .BELT ) » (C ( 148 ) ,OE 

_ MJEXUACt  |aoi  .nFuiri  u.ifi)ini.AFi  uuPl  .IC1.1M  1  .nFl  uit&l  .  10 1 1 6?  1  »«Mlir. 

3FX) ,10(153) .XMUGS) , (C( 154) .RHOGFX) .(Cl  155) .PGS21 . ( C ( 156 ) .RHOLP ) 
EOUIVALENCF  (0(157). WCP)»(C(158),WCS) 

_ .EQUIVALF.NCF  I  0  ( 139  1  .TPTG )  .  1  0  11 60  )  aMStt )  >10(161 1  *CP(12 ) - 

EQU IVALENCElbl 1 ) .SLIP) .(B(2)«VST),IB(3)«VGS)»(B(4)»PGSI» 

1(8(5) ,TGS)  ,(B(6)»TLS) »(B(7> .DELPPS ) » (B(8 1 »PS) .(B(9) »VLSLI . 

_ 7  IBI  1  n  I  .nPVDSI.IBM  I  I.OPt5).IRM7..nPR5)4jRll3).OPCS)  . - 

3(Bt 14) .OPPCS  t  » FBI  15), COS). (B( 16) .COOS  I . ( B( 17) .OST I • t  B ( 18 1 »SST ) » 
4(8(191 .CWSSI . (8(201 »CS10).(B( 21) »CPST I , I B ( 22 ) *C ACS  1 , I B(23) .XFGWS ) . 

_ 5IB124)  .CFGWS)  .  (B(  75)  .XFGLS)  t  (-BI  26)  .CFGLS1  » (B(23)  .XELWSXi - - 

6IBI28) .CFLWS) , IB( 29) iRMS) » ( B( 30 ) ,RCL$) • I B ( 31 1 ,TFS) » ( B ( 32 ) .XMWCS) , 
7(8(331  .XICCS)  »(B(37I.XKUCSI  » ( B 141 1  »CPCS  I  ,  (8(45  )  .HLCLS  )  , 

_ 8  I  R  I  49  1  j-CPn  S  )  .  (  B  (  5  5  I  .XMWSV  1  .  I  R  (  44  )  .PSV  1  .  1  R  (  58  )  .CVAP.S  1  . - 
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9(81621  »CK  SV)  ,  I  HI  66  1  i RFT  VS  1  *  ( P I 10 )  , XKVS)  *  IS  (  74)  .XMUVS  ) 

EQUIVAlENC'I  1-.I7H)  ,CPVS  1  •  (B{  82 !  .HVAPS )  »  (6(86  )  .  XXLb)  •  (  b  l  VO  I  .X'-IULB)  . 

1(8(94'  itiETLS  )  . 16(98). CPLS1). (8(99), CPLSFl.tbl 1QO) .CRLS1). _ _ 

2(Rt  101  i  .CRLS21  .((it  102)  .VDLOS)  »  ( I' t  li'6l  .SSTG)  .  t « C 1 10  )  ,  ALOS 1  • 
3tB(U4l  *Z&)  «  (H(118),D2SI>.!>V)  .  1  Pt  1 22  1  ,HA$1  .  IH  t  126  )  .TAWS) 

C . WAUL  NEXT  IC  BAS  _ 

TT  s  ( TGS  +  T STB  1/2. 

DF.LTFX  =  ARSF1TGS  -  TSTC.) 

XF-  »  XFGWS  . . . . . . _ . 

CF  *  CFGWS 
CALL  HTSST 

QOGWS  .  a._HF*S STG*  1_T GSr.lSTGl. _ 

CAUL  TABS!T. HAS, 1623) 

CALL  TAB SIT .TAWS .1627) 

QDGOS  =  CSTU'SSTGuHAS*  I  TSTG-TAWS  ) 

C  WALL  NT  XT  TO  |  I  Oil  1 1) 

TT  =  ITl.S  +  TSTD/2. 

-OFVTFX—a-JU  t.LL-1  TLS.-T,SJ-L  i - 

CALL  T  APS  I  TT.XKLS.1587) 

CPLS  *  CPl.Sl  *  CPLS2»TT 

CALL  TAI3SITT.XMULS.159D  -  .  - -  - - 

RHOLS  «  CRLS1  *  CRLS2*TLS 
CALL  TABSITT.  RETLS, 15951 


- HE  U»S/B^T«lBST»«i48MOLS»«»«ACC»HLTL5«l)hLTFX*r.HLJ.«*0310a/l 

1XMULS*XKU"S>  l««XFLS 

9DLWS  «  HF*SSTL*ITLS  -  TSTL) 

-  QOLQS  »  C5TU«S5ti.*»as«  itsti  -taws) 

C  GAS  TO  LIQUID  SURFACE 

TT  ■  1 TGS  +TLS1X2. 

OF.LTFV.  »  AHSFITC.S  .  TISI . 

XF  «  XFGLS 

CF  «  CFGLS 
.  .CALL  HTSST 

CALL  T ARSIVGSt ALBS. 161 1 ) 

ODGLS  «  MF*ALGS«ITGS-TLS) 

BFTIIBN 

FNO 
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-LRAhL&EE-B — SUtiRQUU. 


6IBI26I  .CFUWS)  .  (8  129)  *RMS)  *  (BOO)  .RCUSI  •  IBI31 1  .IPS  I  .  (  Si  32  )  .XMWCS)  » 
7(8(33) <XKCS) t ( 8 1  37 ) tXKUCS) » ( B ( 41 1  »CPCS ) . I B ( 45 ! .MUCUS  I . 

MB(49),  CPCUS),  (BISS),  XMWSV),  (B(B4),  Piv),  (BtSS),  CVAPS),  )  (.  ■),  C  Vfil -'i ), 
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9(w(62i .cxsvi « (Risti .privc i . (f(7oi  .m-v  i ,  (  >(  7  •)  ,x--.,vs) 

F.O'JIVALF NCLtH  (78  )  .Cl’VS)  .  (3(821  .HY/TP'.  I  .[■>  (66  )  . X •. L :3  I  ,  (IH  <fl  )  .X.H.ILM  » 

1 111(9'.  I  .3ETLS  1  1(11(981  .CI’LSl  1  .  t  a (99  )  .CPLS2  1  >  ( L  (  1QQJ_«CIU-Sl.).i _ _ 

2  (“I  1  1  >  .CRL62)  ,  (tM  10?  I  .VOLCC  )  .(«!  106l  ,  sr.TC,)  .  UM  noi  .ALUS)  . 

'*(-(  ]  1  b  )  ,2. si  •  U<(  118. 1  •  i'/'MCV  I  •  (A!  12?  1  .HAS)  ,  (■•  (  126)  *TA‘-.r, ) 

1FIYVS1  61*61.62  .  - . . . —  _ 

61  x’wvsl  -n. 

IIF.TVS  =  fi. 

fill  TO  45  _  _ _ _ _ _ 

62  IFIOPVDS 1  63. 6?. 66 

63  XWiVSl  =  XMV/SV 

HFTVS  »  1  .  /  T I  - - - 

r,n  m  6  6 

66  CALL  TAH6(77  .CK6V.)8(>7  I 

XKKVSl  =  XMRSV/I  l.-H./SGRtF(L.+6..«CXSV«YVS«FCSj  1 
FALL  TABSITT.HKTVS.1567) 

65  lF(YPVS)  66,66, 67 

.  66  -XMWPVJ-l-U* - - - . - 

HFtVP  -  u. 

GO  TO  50 

.  6-7  IF  lOPJ/iiEL)_6iUAaiA9- _ __ _ _ _ 

68  XCWPV  1  =  XI-'WPV 
RFTVP  ■  l./TT 

. . . . GO-TCL-SQ - 

69  CALL  TAPS(TT,CKPV,76I 

SMWPVl  «  XMlf'f'V/(  1.  +  1./5QRTF1  1,+6.*CHPV«YPVS*FGS)) 

-  CALL  T  AR.V(T4-*ilFJ-U(UA(U - - „ - _ - 

50  XMWGFX  *  YVS*XMWVr.l*YPvr5*XMv:PVl+Yl5«XMWI+YCS<,XMWtS 

FVSFX  »  YV".*XMWVSi7XMl"GFX 

. . FE.VSf.V-A  .X£VS31-m-Ui:PV.lA2HWGFX _ _ _ _ _ _ _ _ _ 

FISFX  ■  l.-FVSFX-FPVSFX-FCSFX 
FCSFX-YCS«XMUCS/XKVGFX 

. RHOGF V  ,„flGS»XKMGFXj>-U 0.738 TX) _ 

CAUL  TARS(TT,CPVS.1579) 

CAUL  TAfiSITTiCPVP.92) 

. CAix-iAas.aT.tCHUia3J _ _ 

CALL  TAPSITT.CPCS.1562) 

CPGFX  •  FVSFX»CPVS+FPVSFX«CPVP+FCSFX»CPCS+F ISFX»CP1 

...  .CAUL  TA3S!TT.tXmil5ZU _ _ _ 

CALL  TARSITT.XXVP.86) 

CALL  TAHSITT.XXl.101l 

_ CAL  V.TAHSITT.XXCS. 1536  1 _ 

XKGFX*  YVS*XXVS*YPVS*XXVP+YI S*Xk!+YCS»XKC$ 

CALL  TAHSITT.XHUVS.1575) 

CALL  TABSHIjmiyjgAftJEU _ 

CALL  TABSITT.XMUl.105l 
CALL  T AHS t TT, XMUCS » 1578) 

_ .XMUGW  J_Ufi!i*XMUVS*Sy.HIF  IXMh'VBlI  ♦  YPV6»X|V|UVP»SUKTKXi-iWPVl)  ♦ _ 

1Y 1 S*XMU 1 *SQRTF ( XHw I )  +  YCS* XMUCS*SQRTF I XMWCS ) ) / I YV5*SQRTF I XMWVSi ) 
2+YPVS*  SQRTF ( XMWPV 1  I  +  Y I S*SQRTF I XMW 1 ) + YCS* SORT F ( XMWCS ) 1 

_ BETGFX  «  YVS«BETVS*YPVS»BETVP  ♦  1  Y 1 S+YCS ) /TT _ 

HF»XXGFX*CF/I2ST*(DST**3*RH0GFX»«2*ACCABETGFX»DELTFX*CPGFX*.0310B/ 
1(XMUGFX»XXGFX) )**XF 

_ RFTURN _ 

END 
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_ _ C - COMBUSTION  S ECONO ARY  T  A  Mir, _ 

SUBROUTINE  CRST 
COMMON  A,C»P 

- aWMSiuN  m  i3;oj->ui  n-3Q)..cu8ai - 

EQUIVALENCE  (Alll ,KUNKO) «(A(2I .PLIU) .(AOl.Tl ) «( A  14) .VPT) i ( Alb) «V0 
IP) .( A  I  6) .PGPl . ( A I  7 ) .TfiP) . I A ( 8  I .TLP) . (A(9 )  .CPU) » ( A  1 10 1 *PPL ) »IA(  11) , 

_ _ — ?pph'  .uini.mPi  i  .  i  a  M  A  )  .npvnp ' .  uihi  .npiPi.uMM.nPHPi.uiiM.n 

3PTNM  >  (  All?)  tOPPCP  )  »  I  A I  1 8 )  .OOP )  .  I  A  119  )  .COOP  )  »  I A  (  20  )  4  PR  )  t 
4  (  A  t  2 1 1 t  T  RP ) i ( A(22) tRnCR) . IAI 23) .  AV ) . I A I  24 ) iCOV ) • I AI25 ) .CPK1 1 . 

-  -  -_MAL26-J-».CPK2  )  .  Ul  27  I  .DPT.)  .  I  A  I  2  8 )  »  SPT).  ■  I  M-29UCriSP  I  »  I A  130.1  jCPIOl-t - 

6 1 A  l  3 1 1 .CPPT ) > (AI32) .CACP1.I A  I  33 ) .CHC ) *  1  A  I 34 ) «CDT ) 4 ( A ( 3b ) iXFGWP ) , 
7IAI3A)  .CFGWP)  .  IAI37)  .XFC.LP)  •  I  A 1 38 )  <CFGLPl  <  I  A(  39)  .XFLWP)  l 

_  m  Ai&ni  .rFi  wp  )  .  i  Mai  )  .RHP)  ■  I  a  i  ltl)  .HnPi.mtii.TFPi.mt/.  i.tbi. _ 

91  A  I  A1.  )  .  XMWCI'l  4  IAI  Aft!  .>.XCPI  .  I  A  I  30  )  4  XMUCP  )  4  I  A  ISA)  tCPCP  ) 

FOIJ  I  VALFNCI  I  A  I  38  )  4IILCLP  )  .  (  A(  62  )  »CI’U.P)  .  I  Al  66)  .  XhwI'V)  4  I  A  I  67  1  |PPV  )  4 

1IA171)  .CVAPPJ  I  IAI  75)  4CK.P.VJ-4  L/manii£T-V.H)  4 1  A  I  H  3 )  4  XX  VP  1_4 _ 

2  I  A  ( 8  7  1  4  XMUVP  )  4 1  A(  9]  )  4CPVPI  4  I  AI93  )  4IIVAPP  )  4  (  A 1 99 )  iXNWl  ]  4 
31  Al  10-4 )  4XK.I  )  4  I AII1X4 1  ♦  XMU1 )  4  I  A  1 108)  4CPI  )  4  IAI  112)  4XMI’ )  4 

_ A  1  AM  I  n  1  .«MULP  I  ■  I  Al  1  ;.3  1  .lirTLP)  4  l.‘.  MPA  I  .CPI  P)  I  4  IA  n  ->3)  .rPI  Pb  I  4 _ 

b I  A ( 126) 4CRLP1 ) • I A  1 127) 4CRLP2 ) 4 1 A  I  128 ) 4  ACC ) 4  I  A  I  1 32  1 4 VDLOP ) 4 
61  A  ( 13  6)  .SPTG)  4  (A  l  140)  4AL6P)  4  1  A I  144)  4ZP)  4  IAI  148)  4t)2PBDVl  4 

_  7 1 A 1  lb  2  ]  4  HAP  l-»4  A  1.1561.4-T.Awm _ _ _ _ _ _ _ _ _ _ _ _ 

EQUIVALENCE (CI1)«CCP)4(C(2)»CP)i(CI3I tCPQFX ) • (C ( 4 ) iCPGP ) 4 l C ( b ) tCPG 
iSlilCUltCPUPli  ICI7)4CPLS)*IC(8!«CYC)-*(CI9l4l)HBDTl4(Ca0liDPBUTIt 

_ _  7  If  Ml  )  .DTTRDTl.  [Cl  121  .DVAR I  )  .  I  C  M  3  )  .IWHMH  .  I  C  I  1  L.  I  .BURNT  I  .  I  f  11  i  )  .F  ) 

3PNICI  16)  »F  IS)  4(0(171  4KISFX)  4IC118)  4FCP).IC(19)  4FCS)  4  1 C 1 20 )  4FCSFX 1 
A  4 ICI21 1 •FPVS)«IC(22) 4FPVSFX) 4 1C  1 23 ) iFVP ) 4  1C  1 24 ) 4  FVSI *IC12&1»FVSFX) 

S  4 1 C 1 26  I  t F CP£X) » 1C 1 27)4 F  1PFX  )  .  1C  178 )  .FVPFX) .  IL  1  29  I  .HCP ) .  If.  1 30 1  .Hps  1 
64 1C  (  31 1  .HF  ) ,  1C  1  32  )  4H6S  )  4 1C  1  33 1  *HGP )  4 1 C 1  34 1  » H I  I  4  1  C 1 3& )  .rtSCLP )  4  I C 1 36 
7  1 4HSCLSI  4 1C  I  37)  .HVPG)  4  IC1381  .HVSG I  4  1 C I  39 )  4 XXliFX  )  4  (CI41 

. . . 8  UMW&EJjJLU42  UXMYI.GF  X  I  .  1  C  1  4  3  )  4  X.-IWGS  )  4  I  C  m  )  4  XMWGS2  )  .  1 C  (43  1  .  XMWP V 1 

9 )  4 1 C 1 46 )  4XMWVP)  4  (C1471  4  XMwV  H 1 )  4  (C 1 48  )  4  XiAWVS )  4  (C  1 49 )  4XMWVSI ) 
EQUIVALENCE  IC151I  4PIP1  4 1  C 1 32  1 4PIS »  .  1C(  b3).RH0LSI  4  (Cl 

_1 54J jPT PJ  li c  (_3 3 1.4 P_T 5 )  4 1  C 1 36 )  .QDCLP ) ,  1 C 1  37 1 .ODCLS )  4 1 C 1  3B )  .QUGLP  I  .  I C 1 
239)  4ODQI.S)  4  (C16U  )  4QDGCP]  4 1C161)  4QDGOS)  4  (Cl  62  I  .QDGS )  4  I  Cl  63)  iQDGwP)  4 
3 1 C 1 64 1 4QOGWS ) 4 1 C I  63 ! 4OOLOP ) 4 1 C 1 66) 4QDLOS 1 4 (C 1 67 ) iUDLPC I  4 ( C 1 68 1 .QDL 
4PR  )  4  1  C 1 69 )  .QDLSCI  4  I  C I  70 )  ,QDLV)P )  4 1 C 1 71  )  .QDLWS ) 4 1 C ( 72 1 .ODPGR ) 4 ( C ( 73 ) 
S4ODPR) 4 (Cl  741 4ODRPK) 4 (CITS) .UDSPC ! 4 1 C 1 76 • 4QOSK ) 4 ICI77) 4UD&5C) 4 ICI7 
68) 4QOWP) . (C( 791 .UDWS) 4  I  Cl  82) 4SPTL ) 4 (Cl  83 

7 )  4 SST L  )  4  ( C (_8 4 1 4 T  )  4  ( C  !  ail. T FCP)  4  IC1B6)  4 TFC5 ) 4 ( C ( 87 ) 4 TGS2 ) 4 (C 1 88 ) .TP 
8TL.)  4  (C  (  89  >  »tSTG)*(CI90)  .TSTL)  4  ( C (91 )  .TT  i .  (C (92 )  4  VIP  I  4  ( C ( 93 1 4  VLSI  4 
9 ( C( 94 1 «VUP?  I  4 (C(9i ) .VUS2 1 

- neaiiiuAi  nifE-iTUAi.MDHPi.irmi  .arms ) . t r lam  .unrFX) .  1  riom .unci  pi  . 

1IC( 100  I .WDCLS ) t (C I  101 )  .WDCP ) 4 (C( 102 ) .W  CP2 ) 4  I C 1 103 ) .WDCS ) 4 (C 1 104 1 4 
2W  CS2)  4  (Cl  1031 4W  GS)4(CH06!  .WI P ) .  (C 1 107)  .WtP2 )  4  (C  ( 108 )  4W1SI  t(C(l 

- - - .4  2  1  U  tLU-UU-^>lPV&J  I  .  I  C  I  ILL)  .kOB  I  .  If  I  11-9  I  .M&TC,2  I  .  I  f  M  1  3  I  .LA/P  I  . 

4  (Cl  114 1  .WDVP)  4  ( C  ( 113  )’.WVP2 )  .  (C ( 116!  .VIVS)  4  (C ( 117 )  .WDVS)  .10(118)  »WV5 
32) 4  1C  I  119) 4»*CLP)4 ICI 1201 .WFCLS) 4ICI121I4WTCCF1 4 (Cl  122) .WTCLP ) .(Ct 

- miliXTtHI »4C4-H4  )  »4FTCB )« KU1H  HATCH  » 1C  I 1261  . wT  1 QF HI  .  ( C 1 12 7)  .LIT 

7M  4 ICI  128 )  .WTVCFX )  4  (C  1 129)  4  XF  )  . (C( 130 ) .YCP) . ( C < 131 1 .YCS I . I C t 132 ) . 
8YIP)ilC(1331iYISI.(C(l34) .YPVS) 4 (Cl  133 ) .YVP 1 4 (Cl  136 ) .YVS) 4 (C 1 137 ) I 

OCOUIVALENCE  I C 1 141 ) .DELOGP ) • (C 1 142 ) .DELQGS) 4 1 C 1 143 ) iDELQLP I 4  I  Cl  144 
1) .DELOLS) 4 (Cl  143) tOELQWPI * (Cl  146) .DELQWS) 4 (Cl  1471 .OELt 1 4 ICI 148 1 tOE 

- 2LTKX)  4  ICI  1AA1aO£1ACLSJ-»IC118(1)  .DELWVB )  4 1  C  1 13 1 1 .  QELMVS )  4 1 C 1 UUU  tUMIlft 

3FX)4(C(153) .XMUGS ) 4 1C  1 134 ) .RHOGFX ) 4 (C 1 133 ) .PGS2 ) 4 (C ( 156 ) .RHOLP ) 
EQUIVALENCE  I  Cl  1ST ) .WCP) *  I  Cl  158 1 .WCSI 

- EQUIVALENCE  (Cll39).XPTG)i(CI460).vnRJtiril6l)4CPn2) - -  - 

EQUIVALENCE  (BID.  SLIQIiIBIEI.V  ST  ).(B(3)  4  VGS )  4 1 B 1 4 )  .PGS)  4 
1(BI3)4TG$)4(B(6)4TLS) 4(B(7)40ELPPS)4(B(8)4PS)4lBI9) .VLSLI. 

- 2181101  .OPVDt).  HlllUPPIS)  »IFU  121 .0PB8)»UH  IMaOPC.S)  4 _ 

3(8114) .OPPCSI.IBI 151.C0S) 4 ( B ( 16) *COOS ) .181171 .OST ) 4 < B 1 18 ) .SST ) . 
4(8(191 4CWSS).(BI20)4CST01 4 ( B ( 2 1 1  .CPST  )  4 (B ( 22 ) .CACSI . I B( 23) » XFGXb I  4 
- &-lB1241^r1W.SI,IHI2b)-.7.Fr,l.  Sl.LBUAI.rFGI  3) » I  Rl  27 )  UIFLW&)  t _ 
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6(8128  >  .CFLWS)  .lb(  29)  .RMS)  i  I  B  (  30  )  .RCLS )  .IB(31>.TFS). 18(32  )  iXISWCS)  i 
7(0(33) .XKCS1 • 18(37 )«XMUCS).(B(41).CPCS] >IBI4S) iHLCLS I • 

- a_LRUi3  ItTPCLS  )  .  I  HI  SB1  .XMWSV1  .  I Rl BA  I  ,P_SU  j  ,  (p( Bfll  .fUtPM  . _ 

91 BI6?  >  »CKSV ) .(B( 661 .BFTVSI .(8(701 »XXVS ) . ( 8 1  7*1 tXMUVS ) 

FQL'l  VALENCE  (  HI  78)  .CPVS  1.(8(821  .HVAPS )  »  ( fM  86  )  *XKL£ }  .  (8(90)  *  XMULS )  * 

- -  -LKLL9A-L.BFTLS)  ,.(B(9fl)  .CPLS1  )  ■  (Rigg)  .fp|  r;  )  .  I  all  on  )  ,CRI  SI  1  . _ 

2(8(101) .CRLS2) . (B( 102) .VDLOS) . ( 8 ( 106) . SSTQ) • (B( 110 1 . AL05 ) . 
3(8(1141 .25) * (8(118) .DZSRDV) , (8( 122) ,  HAS ) * (8(126) .TAWS) 

_ _ _ _ tfipkP-pgs-dfi  pufi)  snci.snn.so?  _ 

500  WOCF X  »  0. 

WDCS  »  0. 

ODSSC.  =.  .0* _ _  . _ _ _ 

501  WDCLS  *  0. 

OOLSC  «  0. 

_ Q0CLS — =  -a. _ 

GO  TO  600 

SO?  IF(OPOS)  sob, SOB, SO 4 

503  _ WOCS  =  FXP _ ... _ __ _ _ 

TT  =  (Tf,p  .  TOS)/?. 

CALL  TAr'?(TT,opl  ,joo> 

- CAmzuutxucacB+ss  > - - - _____ - 

CALL  TA8SITT.CPVP.92) 

ODSSC  «  ( F I P*CP I +FCP*CPCP+F VP*CPVP ) * ( TOP  -  TGS) 

- GO  40-  801 - - 

504  WDCS  «  IFVP+FCPI<MRMS  +  1.)*I  l.-RCLSl 
WDCLS  «  (F VP+FCP ) * ( RMS+ 1. ) »RCLS 

_ TT  .  !Tf,P  .  TRl/9. _ 

CALL  TABSiTT. CPI. 1091 
CALL  TABSITT, CPCP. 55) 

- CALL— 1-NIO — t-tRATBP  .TT*£PVP>92  .HVPG.A) - 

0PGR*FVP»HVPG.(FIP*CP1  ♦  FCP*CPCP I  * ( TGP-TR ) 

IF (OPT S)  905,509.506 

_ 503 _ TT_»— LTGS-.-t  IiU/,2. _ _ _ 

CALL  TAHSI TT, CPVS. 15791 

DVARI  «  RMS* I F VP  ♦  FCP ) *CPVS* ( TGS  -  TR) 

_ GO  T0-0fl7 _ _ _ _ _ 

506  TT  «  ITI.S  +  TR  1  / 2 • 

DVARI  »  RMVMFVP  +FCP)*ITLS  -  TR > « ( CPLSi  +  CPLS2*TT) 

_ 102 _ CALL  INTSITRiTFSiTT iCPCS»134?  iHCiii  A 1 _ 

QSR  «  (WDCS  ♦  WDCLS) *HC$  +  QPGR  ♦  DVARI 
CALL  iNTGITR.TFSiTT. CP  1 .109.HJ.A1 

..  _  TFCS«IRTQSR«LTFS  -TRW(HI*F1P+HC£»IWDC£+WDCLSU _ 

CALL  1 NTG (TR.TFCS.TT .CPCS.1542.HCS.A1 
CALL  INTGITR.TFCS.TT.CP1.109.HUA) 

_ TFfS  »  TR  ♦  OSH«(TFCS  -  TRI/(H1»F1P  ♦  HCSXWPC5  ♦  W0CLS1I - 

QDLSC  ■  CACS*CHC* ( TFCS  -  TLS ) 

TT  »  TLS 

_  _ CALL-JABS  (TUHLCLSaSA 6 1 _ _ _ 

CALL  INTGITLS.TFCS.TT . CPCLS . 1550.HSCLS. A) 

QDCLS  «  (HLCLS  ♦  HSCLS)*WDCLS 

_ CALL.  lJS.TG.,MI!i.Ta5iTI.CPCSaa42»tlCS±Al - 

CALL  I NTG  (TR. TGS. TT, CPI. 109. Hi. A) 

CALL  INTO  (TR. TLS.TT. CPCLS. 15J0.HSCLS.A1 

_ QDSSC»QSR-WCCS»HCS-F  IP»HI  +WDCLS*  1HLCLS—HSCLS-) _ 

600  RETURN 
END 
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,C_  bleep  ana  UEfimufcm  rrwamnns _ ^rnunm  tanh _ 

SUBROUTINE  BDCST 
COMMON  A.C.8 

.  DIMENSION- JU132OUB-U130  UCUBO) _ _ _ _ _ _ 

EQUIVALENCE  1A(  1 1  .RUNNO) .(A12)  .PL  IQ)  «  (  A!  3  )  ,T  I  1  .  (  A  ( 4 )  »VPT  )  . 1  A  IS)  *VC> 
IP]  .(A  I  61  .PGP)  •  (AI7I  .Tf,P)  .  1A(  81  »TLP ) » t  A  1 9  !  .CPO)  ,  t  A  (10)  *PPU  ,  ( A(U  I » 

- itim  .VI  PLl.itmiLlP-imgA.iMii.1  .opipi  .  i  am  A>  .iiPhpi.umai.h 

3PTNK 1  * (At  17) tOPPCP] » (At  18) >D0P 1 » ( A 1 19 ) tCDOP ) . I A ( 20 1  .PR) * 

4( A(21) .TRP) • ( A (22) .RHOR 1 . ( A( 23 ) . AV ) . ( At 2A ) ,CDV ) . ( A( 25 ) .CPR1 ) . 

5  tA(  26 »  .CPR2)  *.£  A  L27  1  .DPT  ) -•  (At  231  .SET)  .  I  A  I  ?4  i  .rusP)  .lAlsni.cPTD). 

61  At  31  I <CPPT ],IAI32).CACP)«[A133) *CHC ) *  t  A  t  34 ) %CDT ) • ( A ( 36 ) .XFGWP ) , 

7  <  A(  36  )  .  CFGWP  )  *  (  A  (  37  )  .,V.F  GLP  )  *  (  A(  38  1  .CFGLP)  t  IAI39)  .XFLWP)  i 

_ mtllfll  .CFI-WP)  .  I  AI  41  1  .RMP).  t  A  I  a?  I  .RCI  P)  .  I  tU.I  .TFPl  .  IAIAA1.TR). 

9( A (45 ) >  XMWCP ) i (AI 96) »XXCP ) < I  A ( SO ) .XMUCP) . t A (54) .CPCP) 

EQUIVALENCE  I  A  (SB  I  .MLfLP)  .  (  A I  62  I  .CPCLP)  .  (  A  (66)  .XMWPV)  .  I  A  (67  )  .PPV)  . 

1 IAI71)  .CVAPP) .  IA(75)jlCXPV)  .(  A(79)  .BETVP)  .  IA.(.83)-«XK.VE.)i _  • 

2  (  A  I  87  !  .XMUVP  )  .  (  A(  91  )  .CPVP)  •  I  A  I  96 }  .HVAPP)  .  (  A  I  99)  .XMV.'I  )  « 

3IAI10O) .XXI )  .( A( IDA) .XMU1) . ( A ( 108 ) .CPI ) . ( A( 1 12 ) .XKLP ) » 

- Ll-Al  116  )  ,XMIIl  Ruumcu  ..BOLP.U-IA  1  129)  . CPI. PI  I  ..LAU28I  .CPI  P2)  i _ 

5(A(l?6)«CRLPll*(A( 127) .CRLP2 ) . I AI 128) .ACC ) . (A( 132 1 .VDLuP) t 
6( AI136) .SPTG) .(Al 1A0) * ALGP ) . ( A l 144 ) . ZP ) t I Al 14U ] .UiPbDV) • 


EQUIVALENCE (C( D  «CCP) .ICI2) .CF) . ICI3).CPGFXI .(CIA) .CPGP).IC(S) *CPG 
1S).(C(6I.CPLP).(C17I.CPLS).(C(8).CYC).IC(9)»DMBDT).1C110)»DPBDT). 

- - -  Picul  1  .DTTRDTl  .±cn?l  .DV-AR1  1  .  1  C  I  I  3  )  .nVHDT  '  .  I  r  I  1  4  I  .UuiHhT  1  . 1  c  [  1 5  1  .F  1 

3PI.ICI 16) .FIS) .ICI 17! .FISFX) .1C (16) .FCP) . (C ( 19 ) .FCS 1 . (C (20 1  .FCSFX ) 
A.(C(21I *FPVSI.IC(22I .EPVSFX) .(C(23I.FVP) . (C (2* ) . F VS  I . ( C (25 ) .FVSFX) 

- 5  . ( C  ( 26 1  . FCP-F.JOjXC.L22. )  iE  IBf  X  1  .  IC  I2H  I  iFVPEA)  OE129J  *MCP  )  >  1C t  SOI  >HCS  1 

6.(C(31I*HFI.(C(32).HGS!.(C(33).HGPI.(C(34I.HII*(CI35).HSCLP).IC(36 
7 1  .VlSCLSl  «  I C I  37  )  *HVPG )  .  ( C 1 38 )  .HVSG 1  ■  ( C ( 39 )  iXKGFX  1  .  (CU1 

- A  1  .XMUI6P  1  .  I  C  I  AP  I  .  XMUIf.FX  I  iLC  I  fcD  .  YMur.9  l.lfUtl.  HMUf.6?  i .  i  r  1 66  '  .XMUPU  l 

9) *10(461 «XMWVP) » ( C (47 1 .XMWVP1 1 « (C ( 48 1 .XMWVS 1  * ( C ! 49  I tXMWVSl ) 
EQUIVALENCE  ( C ( 51 ) ,P I P 1 , 1 C ( 52 1 »P I S I . I C 1 53 1 .RHOLS) ,(Ct 

- - 144)  .P-TJ>l.>tiim-L*PtSJ-»IClAfcl  .QDCLPI.ICIS71  .QDCL& I . I C I >H)  .UD6LP1  fICI 

2591 .QOGLS) .1C160I .QDGUP) .(Cl  61)  .UDGOS) .(C(62) .UDGS1 .10(631 tQDGWP ) • 

3 ( C ( 64 1 .QDGWS 1 . ( C ( 65 ) iQDLOP) . ( C ( 66 ) .QDUOS 1  .  (C 1 67 ) .QDLPC ) . I C 1 68 1 iQDL 

- — A.CB  1 .  t  CI 6Q  i  .nm  SCULCL20  Uflfll  MP ) .  i  r  1 7i  l.qbi  u&i .  i  r  i  ?p  i  .nnPGH  i.trmi 

5.0DPR) . ! C ( 74 ) .QDRPR ) . ( C ( 79 ) .GDSPC ) , l C I  76 1 iQDSR I  *  I L 1 77 1 .QDSSC I  * ( C( 7 
58 ) fQDWP )  ,  ICI  79)  .QDWS ) .  I C ( 82 ) .  SP TL I . I C I  8 3 

7 1 . SSTL  IaLCLBA  1  CLU.tC.1  B5  )  >TFCP  1  i  lCiE6lLTf-CS1.4-(-Cia-7-L)-TGS21i  (CJ.aai_iXE- 
8TL).IC(89)*T STG ).IC(90).TSTL).(C(91).TT).(C(92).VLP|.ICI93)tVLS). 

9 1  C( 94 1 .  VLP2 ).(C(95)*VLS2) 

- Q EQUIVALENCE  ( 6404  «WPBB  L.  ( CL97 1 . W644S ) »( 6  1 98 ) » WPCEX I  . t  C 1 90 )  *WPCLP )  * 

1ICI100 | .WDCLS) . ICI 101 1 iWDCP) . ICI  102) ,W  CP2 I • ( C ( 1 03 1 iWDCS 1  * (Cl  104 1 • 
2W  CS2>* (Cl  105). N  GSI.ICI 1061 *WIP). ICI 107) IWIP21 i(C 1108) *W1SI*(C(1 
- wmmuw  wwimtwuw  .wemw 

4 (Cl  114 ) *WDVP) . (C( 115 ) *WVP2 )* ICI 116) *WVS ) *10(1171 iWDVS) • (C ( 118 ) *WS 
52).(C*119).WFCLPI.IC(120).WFCLS).IC(121I«WTCCF).(CI122I tWTCLP ) • I C ( 

- 61»)«WTCLSI  .irni4)«.WTCPl  *(CUa8UKTCS-)«.(CU»6E*MTICFXlU.(.l.U7,)»MT 

7RI . (C • 128 ) .WTVCFX ) .IC(129).XF).|C(130) * YCP ) • ( C t 131 ) *YCS I • ( C( 1 32 ) . 
erIP),IC(133).Y(S).(C(134),YPVS).(C(135).YVP).(C(136).YV£).(C(lJ7). 

- 9aETQFX)  ,CC(  m-)*QAMQP)»K(  I39-V.6AM6S) - - - 

OEOUl VALENCE  (C(  141 1  .DELQGP) .  (C(  142 )  .DELQGS) .  (C(  U3)  .OELQLPI  <  ( Cl  144 
1 ) iOELQLS) . ICI 145 1 .DELOWP I • ICI 146! »DELQWS) t (C( 147) .CELT  I t(C( 148 1 .DE 

- 2LTFX )-»  1  Cl  1 49  )  fcDEWCL  S I  »AC  11601.  DEI,  WVB)»LCI1B1)  .  DSLWVS  )  « (Cl  US')  *XMUC 

3EX) « I C 1 1 53 ) .XMUGS 1 . (C 1 154 ) .RHOGEX  > .ICI 155) .PGS2) * (Cl  156) »RM0LP ) 
EQUIVALENCE  (CI157I.WCP) * ICI 1 58 ) .WCS ) 

- FDlllvAl  FNfF  IC.I164I.TPTG>.  ICI  •rPn?! _ 

EQUIVALENCE (B<1)*SLIQ)i(SI2!.VST)i(8(3) *VGS) » (914) »PGSI . 

1IBI5 I »TGS) «(B(6) »TLSI . (BI7I .DELPPS)* IBI81.PS).  (8(91 *VLSL) . 

- PIRMIl)  .OPVn.SJ-.UR.Ll  n.APUi.iai  1  7  i  ■  QPHA .  .  I  ft  i  I*'  .nor  1 1  . _ 

3IBI14) .flPPCS I *(B(15I.C0S).(B(16I  .COOS ) * ( B 1 1 7 ) .DST ) . IB ( 18 ) *5ST ) * 
4(8(19)  .  CUSS). (B(20).CSTQ). (8(21)  *CP5T  )  •  t  B(22 )  tCACSI  *113(23)  *XPQwS )  • 
- - - 518124)  > Cf-SUS L*48( 2 5 1  .XFGLS ) .  I  B I  24  )  .CEGLS )  *  1 8 (23 )  *XF-tWSl» - 


F-5i 
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618128 1 .CFLWS) * l B  t 29) .RMS) »(8(30) . RCLS) » ( B I  31 ) .TFS > , ( B ( 32 ) .XMWCS) » 
7(8(33 !  ,XKC  S ) .18(37] . XKUCS ) . ! B ( 41 ) .CPCS! » (BIAS) .HLCLS ) • 


BIRIA6I  .CPCl  SI  ,1R[  83J-«RaiXB.U.I  .  1 R [ 34 1  i  P  SV7  1  .  [Rl  SHI  .CVJAPS  1  ■ _ 

918162) «CKSV) .(8(66) .BETVS1 .18(70) .XXVS) . (B( 74) .XMUVS ) 

EQUIVALENCE (B( 78) . CPVS ) . t B ( 82 1 .HVAPS ) . IBI86 ) »XXLS ) . ( B (90 ) tXMULS) . 
118(94)  .BETLS)  .(BIOS)  .CPLS1  1  .  (  R  1  99  )  ..CPLS?  )  .  (  8  (  1  0(1  >  .CRI  SI  >  . 

2(6(101). Cft LS21.IBI102) i VOLOS I .(8(106). SSTQ) . (B ( 110) *  ALGS ) . 

3(8(114). 2S). (8(118) .D2SBQV ) • (B( 122) .HAS) . (B( 126) .TAWS) 

C  Al.l  TARRIT. VOIDS. 16021 

ODWS  »  PGS«VDL0S*.185 

IT  ■  TGS 

rill  TABS1TT. CPUS. 13791 

CALL  TABSITT .CPI .109 1 

CALL  TABSITT  .CPCS. 15A2 1 

CALL  TABSITT. CPl/P. 921 

CPGS  ■  FVS*CPVS  +  F1S«CP1  +  FCS*CPCS  +  FPVS«CPVP 

IF(OPBS)  601,601.602 

601- 

WORS  •  0. 

602 

GO  TO  699 

GAMGS  ■  CPGS/ICPGS  -  1.987/XMVJGS) 

uriRs  >  .1  iss#rnos#oos»*j).Pf,s*sQHTFi  ixMwr.s*6Ai«if,.s/TiiS]*i7./ir,AMr,s  + 

699 

11.) )*«( <GAMGS*l.>/tGAMGS-l,) ) ) 

RETURN 

.  6  MO - - - — - - - - - 

*-33 
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GAS.  CROSSFLOW  me  EVRP.ORtl.mU - *FfnNnARv  tank 


SIJRROUTINE  GCEST 
COMMON  A.C.B 

0 1  MENS  I  ON  -4443204  »B-UX301-aC(  1841! - - - - 

EQUIVALENCE  (AH  1  .RUNNO)  •  ( A  (  2  )  *PL  IQ )  <  <  A(  3  )  «T  U  .  I A  (4 1  .VPT)  .  ( At  5  )  *VG 


IP)  .IAI  6)  .PGP)»(At7),TGP).(A(81»TLP). (A19) .CPO) .(AIIO).PPL)  •  ( At  1 1 )  * 

A  (-4-2 )  PAH. )  .  I  Miil  .OBypfr.) .  |  A4  144.0P  1 P  )  .  I  MUI  .QPU8  )■»  I A  U64-.Q- 
3PTNK) »  t A (17) .OPPCP) • ( A < 1 8 ) .DOP) i 1  A t 19 ) iCOOP I . t  A 1 20 ) *PR ) « 

At  At  21 )  .TRP  ) .  (At  22)  .RHt'R)  .(At231.AVI  .  ( At  2A )  .CDV! .  ( A 1 25 !  .CPR1 )  • 

6 ( A l 31 1  .CPPTI . 1  A t  32  I  «CACP ) • t  A  t  33 ) »CHC I  • I  A ( 341 »CDT ) •  I  A ( 35 ) . XFGwP ) • 

7 t  At  36  I  .CFGWP I • t A ( 37 ) .XFGLP I . I  A (38) .CF6LP) t t A t 39 ) .XFLWP ) I 
-84 AtAOUCFL MB-U UUA UUW URC LB-U4 A 1 4 3 )  «-t££4a-t A4444 » T R, )  i 
9(  A  (A3)  .XMWCP  l‘.(  At  4b  I  »XKCP)  .1  A  (50!  .XMUCP)  .  (A(64)*CPCP) 

EQUIVALENCE  I  At  58)  .HLCLP)  .SA(62),CPCLP)i(A(66)  *XMWPV)  .  t  A  ( 67  )  .PPV  )  » 

1  (  At  7 1  )  .CVAPP)  .  I  AI751-*CICPV  )  .(  A  (79)  iBETVP  )  .  I  A 183 ).i  XlLVE?  4. _ _ _ - 


2  I  A (87  I  .XMUVPI.t  A  I  91 ) .CPVP > « ( At  95  I .HVAPP ) . ( A 199  I iXMWl ) . 

31  AtlOU  )  *XIC1  1 1  (  At  104)  iXMUl  1  *  I  A  t  108  )  .CPI  I  •  t  A  ( 11  2  )  » XXLP  )  . 

■  44  At  llA-L^XMlILP)  .mnni.HPTlPV.IM  L2A_UCfiLiU  1  .  t  AM  261  .fPLP?  I  . _ 

5  t  At  126)  .CKLI’l  1  t  (At  127)  ,CRLP2)  i  (A  I  128  )  t  ACC  !  .  I  A  11 32  I  *VtM  OP)  , 

6t At  136) .SPTG) . ( A [ 140 ) i ALGP 1 i 1  A ( 144) .ZP| » I  At  148 ) .DZPBDV ) . 

-XUU162.UHAP4..  (AU564a.TAMP-) _ 

EQUIVALENCE tc 1 1 ) «CCP) . t  C ( 2 ) .CF) , ICt  3)  .CPGFX) . (C(4) *CPGP| • (Cl  5) *CPG 
IS). ICt  6)  .CPLPI  •  ICm.CPLSl.tCtBl  .CYC).(CI9)  .QMBDT)  i  (C(  10)  .DPbDT) . 

7  If  111  I  .DTTHDTI  .  in  1  51  .rtUAR)  )  .  1  f  I  1  3  )  .  fWRRT  I  .  [  f  1  1  4  )  .OWROT  )  .  I  C  11  A  I  .F  I 

3P) .(Cl 161.FISI. t  C 1 17 ) .F1SFXI .  tCtlB) .FCP 1 » tC 1 19 ) .FCS ) . I C 1 20 ) .FCSFX ) 
4,(C(2|I.FPVi).te(22).EPVSFXI.tC(23).FVP).(Ct24).FVS>.lCt25).FVSFX) 
3.  LC126  UFCPJIUjXU211jE4g£llU4£12a).FVPFX).lC42a4jHCPUICI3Q)iaC51  ■ 
6.1C131 ) .MF1.ICI 32) .HGS) . (C ( 33 )  .HOP >  .  I  Ct 34 ) .Ml) . I C 1 35  I  .HSCLP) .(Cl  36 
7 1 iHSCIS)  .  tC t  37 ) .HVPG) . t C (38 ) .HVSG ) . t C l 39 ) . XKGFX ) .  ICI41 


9),(Ct461 «XMWVP).ICt4?l . XMWVPl)*tC(48) .XMWV5 1 .IC1491.XMWVS11 
EQUIVALENCE  (C(51I.PtP).tC(i2).PlS) * (Ct 531 .RHOLS) it  Cl 

239) .QDGLS) « I C  t  60 1 .QDGCP ) . tCt  tl ) .QDGOS) t (Ct  62 ) .UDGS) . t  C 1 63 1 iQDGWP) i 
3 1 C 1 64  1  »QDG  VS ) . ( C 1 63 ) .UDLOP ) . t  C ( 66 ) . QDLOS ) . t  C 1 67 ) .UDLPC I . ( CI68 ) »QDL 
<t.PHlj,U.UHHtttBLSCIilCl,701  »8DLWPI  1 1CIT11  iQPlHS)  t  ICt  721  tHOPftftl  1 1U73.1.. 
3.Q0PRI . t  C I  74 1 . QURPR ) . t  C ( 75 ) .QDSPC )  »  I C I  76  )  »QUSR) • ( Ct 77 ) .QDSSC ) I 1 C I  7 
68 1 «QDWP I  •  (Cl  79) tUDWS) .  tCI82).SPTl ) *  I  Cl  83 

8TU)*tCt89I.TSTG).tCt90).TSTL).tCt9l).tT)*tCt92l .  VLP ) 1 1  Cl  931  *  VLSI  • 
9ICI94) ,VLP2).tC(95) .VLS2I 


QE8UWAW6N6S  1C  (96  I  .WftyH)  .141971  tWPBtl.  I <  198  I  »M>Gf  X  l-r+61991  tWOWK- 
1 1  Cl  100  I tWQCLS) .ICt 101) . WDCP ) . tC 1 102 ! >W  CP21 . t Ct 103 ) .WDCS 1 1 1C ( 1041 « 
2W  C$2) .(CtlOS) *W  GS) . ICt 106  I »WlP) .(Cl  1071 .W1P21 . tCtlOB) .WlSI.ICtl 
39).m82).K-U-K>).wPVAa  ).(<(Hl).wDR)-.tC(112).W6T62).HH13I.WVPl.  - 
4 1  Cl  114 ) tWDVP I . ( C 1 1 13 1 . WVP2 )»(CI116)*WVS)»IC1117) .W0VS1 • I C 1 118 ) iWVS 
321.ICI  11 9 1 .VFCLP ) . t Ct 1 20 1 .WFCLS) . t C 1 12 1 ) .WTCCF ) • (Ct 1221 •WTCLPJ  »  tCt 
tiatUMTClSUtr  ll24A«MTrB|t<X(ia6UMTCS).ICIia*>»WTlCWO->ICIia7>»lilT. 
7RI.1C' 128). WTVCFX).(C( 129) >XF)» ICt 130) »YCP1 • ICt 1511 *YCS»*(CI  1321. 
BYJPIa «  C ( 133) *YlS>.(C(134)*YPvS)»(Ct 1331 .YvPI.ICI 136) «YVS ) • 1C  1 137 ) I 

-VaETGFXX.tUiaaUGAhtGP).  (0(4391. GAM6S4  - - - - - 

0EQU1 VALENCE  I C  1 141 1  .OELQGP ) . t  Ct 142  I  .OELQGS I » IC1 143 1 .DELQLP) . tCt 144 
1 1 .DELQLSI . (Ct 143) . OELUwP) .ICt 146) .DELQWS) . (Cl  147 ) aDELT) . (Cl  148) »DE 
ai  TFX)  .if  11401  .mfwfi  U.ifmm.wi  yvCuiemn.nFtMVAL.tf  MUl.lUlua 
3FX) .ICt 133) . XMUGS ) *  I C ( 1 54 ) * RHOGFX » . t C 1153 ) »P6S2 ) » I C 1 1 36 ) .RHOLP 1 
EQUIVALENCE  I C ( 137  I .WCP ) 1 1 C I  136) tWCSI 

FOLIlVALFMCE  LC  M  39  >  .  TP  Tf, )  .  t  C  M  AO  I  .Mf.P  I  ■  I  f  M  61  I  .CRQ3L1 - - 

EQUIVALENCE  ( C ( 162 ) .WPVSI » (C( 163 ) »XMyvPVS) 1 1  Cl  164) .WTCCFX! 
EQUIVALENCE! Bt  D.SL1Q1  .(Bt 2)  .VST)  •  (8(31  «VGS)*tBt4) «PGS1  • 

_1  IRI3)  »tr<S)  .IRIM.TLS)  .IB  1 7)  ..DF1.PPRI  aIBIR)  aFSJ  1 1  aiSUaL&l  li - 

218(10  .OPVDS )  .(Bt  111  .CPIS) .  IBt  12)  .OPBS)  .191  13)  »OPCS)  » 

3(81141  .OPPCS) .(Bt 13) .CUSI. (8116) *CDOS) »(Bt 171 »DST 1 • t  Bt 18 ) »SST) . 

41  HI  t  q  1  .  f  MSS  )  .  I  R  I  an  1  .fATOI  .tam  )  .f  bat  i  .  i  ri  a?->  .f  Af  .91  a4RI  ?3I  aXF.BMSIa 
3(B(24l .CFGWSI .<B(23) .XFGLS) . (Bt26)  .CFGLS) . (8(271 .XFUXS1 . 

61BI28) .CFLWS).tBt29).RHS)»tBI30) .RCLS ) *  I Bt 31 ) »TFS) . ( B 1 32  I tXMWCS) . 
7IRI33)  .XKffil  .  IRI371  ,»tf.Uf  A)  .  I  R  I  4  1  I  .f  Pf  9  I  .  I  R  1 43  I  .HI  jOLSJ-1 - 
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8  (HI  49  1  .CPCLS I  *  I  HI  53  l-.XKiWSV)  *  (  B  ( 54  1  .PSV) .IR158  )  .CVAPS  )  . 
9(H(6?I .CXSV1 .IB(66) .BET VS) .  I  B t 701 . XKVS) . IR I  741 .XMUVS 1 
EQUl  VALENCE!  BUT  RU.CEySJ_< 

1  (HI 94  1  .RFTLS) .  IRI98)  ,CPLS1>. IBI991 .CPLS2) , IBI100) .CRLS1)  • 
2l>)UPl)*CRt.S2)  •  (Bt  102)  .'-DUOS  I  .(R(  1061  .SSTG )  « 1  PI  1 10 1  •  ALGS )  * 

. . -^3.tB.lI-I4-lAZ&.UUiLaiaXtI)Z^£D-^)»  I  B  1,122)  .HAS  I  >■!  ft 1  l?.ft  L.IANS ) - 

IF  I CVAPS )  701.701,702 
701  WDVS  =  0. 

_ _  ,Hvsa  jl  o» _  — - - - - —  - . -■  — —  — - 

HVAPS  =  0. 

GO  TO  703 


_HCYS_ 
TT  = 
CALL 
HVSG 
TT  = 
CALL 


'V£«VDLQS»YVS«PGS/  mU23*lfl&l- 


l  TGS  +  TLS1/2. 
TAI‘S(TT.CPVS,1579) 

=  CP  VS*  ( T  GO  -  TLS) 
TLA 

TARSITT.HVAPr.1A83) 
■T-C&-- 


CALL  TAi>SITT.CPVS,157<M 

703  IF  I  PGP  -  PGS  -  DFLPPS)  711.711.704 

704  .  CALL  TABSLVGS.DZ&BUV. 161,9! - - - - - 

PGS2  *  PS  -IZS  ♦  DZSnCV*V0LO5)*RHOLS»ACC/4633. 

VlDCFX  ■  |  VGS  „VDLOS  +WDVS/RHOLS)  *PGS2»XMWGS/1 10.73*TGS) 


*WD|JS* 


706 


WVS2  •  WVS  «FVS*WDHS  +WDVS 
IFIOPCS)  ?A> ,705 , 706 

WPVS2  *F PVS*  I WGS— --.WOU-S!  ±-EVB«M0lCEX - 

WCS2  *  WCS  -  FCS«WDPS  ♦  FCP*WDCFX 
W1 S2*W I S  -  F I S»WDHS  +  FJP*  WDCFX 

KMWOS?  i  |uu»S;  *  UC &2  *ut-c-7  *wVS2WtwPy,a/XMwev£  ±ax&azntmcsi  * 

lwlSZ/XMWI  +  WVS2/XMWVS) 

HGS  ■  WPVS2*CPVP  ♦WCS2*CPCS  ♦  WIB2«CPI  ♦WVG2*CPVS 

QUGS  *  WDCKX»UDSSC-MJGWS-OUGLS-UDWS-,WDVS*HVSU. - - - - 

TGS2  ■  TGS  +  QOGS/HGS 

WDCFX«  (VOS  +VDLOS  ♦WUVS/RHOIS)  «PGS2*XMWGS2/ 1 10. 73*TGS?  )  +  WU05» 
W06- - - - - - - - - — — — 


706 


GO  TO  710 

WOCFX  «  WDCFX/IWDCS  ♦KIP) 


WIS2  *  WtS  -F1S<*WDRS  ♦FJP«WOCFX 

XMWGS2  «  IWC52*  WlS2*WVS2IMWVS2/XMWVS+WCS2/XMWCS*WlS2/XMW)) 

UCSWKt  *-Wi*a*C»4 


WDVS2  ■  WDVS  „WDCFX*WKS* ( FVP  + 
IFIOPISI  707.707*708 


FCP) 


-QaGLa-auws-rwavs2*tivsa. 


708 


GO  TO  709 

QDGS  •  WDCFX*tODS$C-OLCLS>-WDCFX*«0.87*QPLSC-ODGWS 

iHOVStMVSO 


-UDGLS  -ClDWS  - 


709  TGS2  ■  TGS  ♦  OOGS/HGS 

WOCFX  ■  I IVGS  ♦VDL0S+WDVS2/RHOLS)*PGS2»XMWG&2/( 10.73«TGS2)  ♦WDBS* 
— _ 1 1 l-v-Fy  5 1  -fWGS) A.LWDCS  ,i  FXBJ.. 


TIO  t F IWOCFX I  Til.  799.  799 
7,11  WOCFX  ■  0. 

•JLSLB - RETURN - 


FNO 


F-SS 
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C-  -  -  DEP-ENOENT  X£M*0W«»lS.-PR4ilAH<.-4AKt; _ 

Sun ROOT  1 NE  OCPT 
COMMON  A.C.fi 

- DIMENSION  A[  1320  I  ,m-U-3CU+C4-l-8Q-) - - - 

FQU! VALENCE  (All) .RUNNO) , ( A I  2 1 .PL  10 J  ,  ( A  I  3  I ,T I ) « I AI4 1 ,VPT I .(A< 5) ,VG 
IP) . IAI  6) .PGP) t (A ( 7) .TGP) , [ A I  8) .TLP) t ( A ( 9 ) .CPU) . ( A( 10 ) ,PPL ) . I Al 11 ) . 

- 2PPHU-U-I  12  I  .VLPLXxl  A 1 13)  ■OPVUPl^jJLLlv^oeiP-l^LA-Ll-SJ-.i.iPnP  I  .  I  A  i|j,i,u.  _  _ 

3PTNK)  .  ( A (17) .QPPCP) . I  A 1 18) .DOP) , I A  I  1 9 ) .COOP) . {At  20) .PR) , 

A ( A ( PI ) .TRP  I  «  t A<  22  I (RHOR) . ( A  I  23  I »AV ) . ( A I  2* I .CO V ) , ( Al 25 ) .CPR1 1 » 

5(A126).CPR2U(A<2  74-tBP  I-1-^UU  2-89  ♦  IA4  2-94-^WiP-U4  A-l-3C-)-.CP  TU4-. _ _ _ _ _ 

6t A (31 1  »CPPT) . I Al 32 ) .CACP) . ( A133I .CMC) . ( A<  X4) .COT ) . I  A  I  33 ) .XFGWP) . 
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41*1191  .CWSSI  .(B!20I.CM0)*(B121)  .CPST1  . 1 01 22  I  .CACS )  .  (I)  1  23  I  .  XFliWS ) . 

- 5  IB  1 29)  .CFOlriSXt  lUl23)-t-XFCiLS  1.101261 . CFCiLS-I.-UU  2 7 1  .XFLW5.1 »  _ 

61  B 1 28  I  .CFl.WSI .  IBI29)  .RMS).  10130)  .RClS )  .  I  B 1 3 1 )  .  TFS )  .  I H I  32  )  .XMWCS 1  . 
710(33)  .XKCS1  .111(37). XM.UCSI  .10(41)  .CPCS)  .  (H 1 45  )  .HLCLS)  . 

- - 8  10(49)  .  CPC1  S  1  .  I  0  1  8  3  )  .  .YMWSV  '  .  (  Q  I  34  1  .PSV  1  .  I  R  I  3W  1  .f  PAPS  I  . _ 

9  1 1)  1 62  I  .CKSVI  .10166)  .or  T  VS  )  •  ( 81  70  1  .  XKVS )  .  1 0 1  74  I  .XMUVS  ) 

EQUIVALENCE (B17BI.CPVSI.1U1 82 l.HVAPS 1.1 0(86 I.XsLS). (81 90 I.XMULS) . 

1(0(94  1  .BETLS)  .  (0198)  .CPLS1 )  i  1 B ( 99 L.C-PLS2).  1  8 1 100J-.CHLS1 1 . _ 

2  I  OHO  1)  .CRLS21 .181  1021  .VDLOS)  .1B(  1 06)  .  55  I G I  .  I  HI  1 10  I  .ALLS  )  • 
3(01114), 2S). (8(1181.02  5R0V).(P(122).HAS). 10(126). TAW  .5) 

- C _ -WALL-  N£XJ„IU  ..0  AS. _ _ _ _ _ 

TT«(TGP  ♦TPTGI/2. 

DELTFX  »  A0SF1TGP  -TPTGI 

XF  ...  XFGWP  .  ..  . . .  .  ......  _ 

C.F  «  CFGWP 
CALL  HTSPT 

_ .QDGWP_*  HF»S.PTG*  LT.GP  -  TPTG) _ 

CALI  TA*S(T.HAP,1S3) 

CALL  TAHSIT.TAWP.137) 

QD6QP  «  .CPIO*SP-Ta*HAP«.t.TPT.S-LlAWtl _  _  _ _ - _ 

C  WALL  NEXT  TO  LIQUID 

TT  •  (TLP  +  TPTU/2. 

- tUtft-X  •  ABMMTLB  ■  TBTL 1 _ 

CALL  TABS1TT.XKLP.1 131 
CPLP  »  CPI.Pi  ♦  CPlP2*TT 

- CALL  -XABSt  TT-.IWULP  1 3  i _ _ 

RHOLP  •  CRLP1  ♦  CRLP2*TT 
CALL  TABSITT.BETLP.I21I 

- B«CFI  UP/HBT»lHPTl»3»»KQl-P»«3«Afr«ftFTI  P46F1  TFX.CPl  B«.rv»ina/I 

1XMULP«XKLPI 1»«XFLWP 
QDLWP  »  MF«SPTL»(TLP  -  TPTD 


C  GAS  TO  LIQUID  SURFACE 
TT  »  ITGP  +  TLPl/2. 

- PELTF-X  ■  AHSftlGB  ■  TLP) _ 

XF  *  XFGLP 
CF  •  CFGLP 

- CALL— H-T  APT - 

CALL  TABSIVGP.ALGP.l4l) 
GDGLP  «  HF*ALGP* ! TGP  -  TLP! 

- RETURN _ _ 

END 


F-J9 
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LfcLE  opt 


5.0DPR)  .  ICI74).QURPK1  . ( C ( 76 ) .ODSPC )  *  (Cl  761  tUDbKI  *  (U  77 1  .UDSSC  I  »  ( C(  7 
68  I .QOWP I  * ( C (79 ) (QDWS ! .  ( C ( B2 ) .SPTLI  .(Cl  83 

71  .SSTL1  i  (C(6<i!»T).ilCl89l  .TfCP.I  » IU.B61  ..TfiSlOCUTl  «JUiS2Jj-lCiAiUTJ?. 
8TL).(C(89I  .TSTOI  » 1C  (901  »T0TL  I .  ( C  ( 91 )  .  TT  )  .  (C  ( 92  I  .  VLP  I .  ( C  ( V  ) )  .  VLSI  • 
9(C(9*1  .VLP2I  .  I C ( 99 1 « VLS2 ) 


3FXI*(C(lS3).XMUGS).<Cil54).RHOGFX>.[C(15S).P{>$2).ICIl56).RH0LP| 
EQUIVALENCE  (C( 1871 *WCP) . IC< 1981 .HCS) 


EQUIVALENCES!  D.SLIQ)  .(111 2)  »VST1.(B( 31  .VGS I » ( H14I .PGS i  • 
l ( BIS  I *TGS) .111(61 .TLS1.(H(7> .DELPPS1 • (Bt8I.PS) • I B 1 9 1 .VLSUl » 


3(8(14)  .QPPCS)  «(B(1M  .L'OS)  *IB(  161  .CDUS)  •  (HI  17 1  »0ST  1  .  (Bl  18 )  »SST ' . 
4(B(19l«CWSS).t8(20/.CSTQl.(B(21).CPST).(B(22).CACS).(t)(23) .XFGW$) . 


6(8(28)  .CFLWS)  .(Bl  29)  .WHS)  »IB(  30)  .KCL51  .((1131)  »TFl>)  .IHI32 1* XMWCSI  . 
7(B(33>  »XKC*>).  (Bl  37).  XKUCS)  >18(41 )  .CPCS )  .  (S!  45 )  .MLCLS)  * 


7*80 
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9IBI62  I  »C<SV  )  .  IBI66  )  »BETVS)  i  (  B  (  70  I  .XXVS  )  .0(741  .XMUVS) 

EQUIVALENCE!  lit  78)  .CPVS)  .  ( B  ( 82  )  .HVAPS ) .  1  B  !  Si  !  »XXLS )  .  I  H  (  90  )  .XMULS)  . 

I  .BETLS)  .  IB  (98)  iCPl.SU  »  tB(99)  .CP-1.52  ).  I fl  ( 100)  .CR1S)  ) . _ 

2<B(  101  )  .CRLS21  ,  IRI  102)  .VOLOS)  .  ( B(  106) . SST01  •  l B(  1 10 1  .ALGSI » 
3(BI114).2SI  •  (Bins  I  .OZSRDV)  .  (B(  122  !  .HAS)  .0(126)  .TAWS) 


91 

■  1FIYVP)  91*21. 92 - 

XMWVP1  «  0. 

8ETVP  "  0. 

GO-  -TO-  93 

92 

IF(OPVDP)  93,93.94 

93 

XMWVP1  ■  XMWPV 

- BETVP  a-U/JT - 

SO  TO  95 

94  CALL  TAHSITT .CXPV.76) 

..  -  XMWVP1  =  XHWPV/I1.+  l./S0RTFn.+4.«CK.PV*YVP«PGI>)  ) _ 

CALL  TARSITT .RFTVP.8P) 

95  XMW6FX  »  YVP»XMWVP!  +  YlP»XMwl  +  YCP«XMWCP 

.  ... - g-VPFX  - - - 

fcpfx  »  y r p * . p / x f  x 

FJPFX  «  1.  -  FVPFX  -  F  CPFX 

— . — ■TmosFX..*.p&a«xMwSF.x/<ao,.7i.t.T,n - 

CALL  TARSITT.CPVP.92) 

CALL  TAHSITT. CPI .109) 

- CALL  TARSI  IT  .  CPC  P.. .6.5.. I - 

CP6FX  •  FVPF X»CPVP  +  FCPFX*CPCP  +  F1PFX*CP! 

CALL  TARSITT .XXVP.84) 

- CALL  -TAftS-lIT  .XXI  .104-) - - 

CALL  T AB5 1 TT  »XKCP  .47 ) 

XXGFX  «  YVP9XKVP  +  YCP*XXCP  ♦  YIP*XK| 

_ CALL  T  ABSt I T  . KMIJVB.8A  ) - - - - - 

CALL  TARSITT.XHUl  .105) 

CALL  TARSITT. XMUCP«S1 ) 

XMllSFX  a  1  yuP.XMtmPA.SQRTF  I  3CMMVP1  1  +  VC  P»»MIICP»SPBTF  (  XMMFP  I  ♦ _ _ 

1YIP*XMU1*S0RTF(XMWI))/IYVP*SQRTF(XMWVP1I  +  YCP*SORTF I XMWCP >  + 
2YJP*S0RTF(XMW! I ) 

_ _ _ BEIGES  ■  -Xy.FJlHE.TVF  7._(  Yf P  t  YIPWTT - 

HFaXXGFX*CF/DPT» (DPT*«3*RHOQFX*«2*ACC*BETGFX»OELTFX»CPGFX*. 03108/ 
l(XMUfiFX*XKC>FXI)**XF 

_ REtUHH- - 

FNO 


F-61 
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_ r  FUttPORATtON  PRIMARY  TANK _ 

SUBROUTINE  EVPT 
COMMON  AtCid 

_ D 1  MENS  ION— AJ.  1320 )  .)U1L30)-»C  UROL _ _ _ 

EQUIVALENCE  I A( 1  I .RUNNO) • ( A t  2 i .PL IQ ! . I  A I  3 ) « T I ) • ( A ( A ) »VPT) • I A  1 S ) *VG 
IP)  *  { A  >  61  .PGF  I  .  (AIT),  TOP  ) . { A ( 8 ) *TLP I . ( A ( 9 )  .CPU  ]  .  (  A I  10  )  *PPL  )  ,  I  A(  U  )  » 

3PTNK ) . ( A (17) .OPPCP) .(At  IB) .DOP) . t  A  (  19 ) .COOP ) . I  A ( 20 ) .PR) . 

A! A (21 1  . TRP )  . (A(22 ) ,RHOR I . I A( 23 ) . AV > , ( A l 24 l.COV ) . I  A ( 25  I iCPRl I . 

S(-AL26)  .CPR2  )  .1  At-27  L.DPT  1  »-UU2-I14-lSBJ-)-l1  A  I  29  I  iCfa'SP  )  »  I  A  UOI  .CPTO  !■« _ 

(lA(U)  . CPPT ) » ( A ( 3? ) .CACP) . ( A ( 33 ) .CHC 1 • ( A( 34 ) .COT ) . ( A ( 35 ) *  XF6WP ) . 

7 1 A( 36 )  .CFGWP 1 . ( A I  37) .XFGLP) . ( A (38) » CFGLP ) « ( A (39) .XFLwP) , 

9( A (45) . XMWCP ) . ( A ( 46 1 «XKCP ) . ( A ( 50 ) . XMUCP ) • ( A ( 54 ) ,CPCP) 

EQUIVALENCE ! A( 58 ) .HLCLP ) . I  A ( 62 1 .CPCLP) . I  A ( 66 ) .XriwPV ) t ( A  I  67 ) .PPV ) . 

1  (  A  I  71 )  .CVAPP).  ( A 1  751.CICPV  I  .  I  A  (  79  )  .BET  VP  I  .  (  A(t)3)  .  XJvVP  )  i _ _ 

?  (  A  (  87  1  .  XMl'VP)  .  (  A  (  9)  )  ,f  PVP  )  .  (  A(  96)  .UVAPP)  .  (  A  (99)  ,XKWl  I  i 
3( A( 10  : )  .XX  I  )  . I  A  11 04) .XMUI  )  •( A(  1061 .CPI  I  . (A(  112)  .XnLPI  . 

5t Al 126  I .CRLP1 I . ( A( (27) .CRLP2) . ( A( 1?B) .ACC ) . I A1 ) 32 ) .VDLUP) . 

6(  At  1  >6  )  .SPTG  1  .  (  A(  140)  .ALf.P  I  ■  I  A  (  144  1  .  ZP  )  .  (  A  (  1  48  )  .PZPBDV )  . 

7  l  AC152  )  .RAfi-1.  (  A(  156)  .  TAWP)  .  _ _ _ 

EQUIVALENCE (C(1I.CCP).1C(?)«CE  ).1C(3) .uPGEX  )  . ( L ( 4 )  >C  PUP)  .  IL ( 3  )  .CPU 
IS  I  .(C  6)  «CPLP>  .  1C  (7)  .CPLS)  .(C(8I  .LYCI  *(C(9!  .DPiBDT  )  .  (Cl  10)  .L'PDUT  )  • 

___ - .2  ( C-l-H  )  .0.T  TUL)T  )  .  (Cl  12)  .DVARI  ]  ■  1CI  13  )  .DVBDT  )  .  1C  I  14  )  .DWBDT  1  .  1C  I  1  3.)  .F  1 

3PI  .It'  16)  .PIS)  .  (Cl  171  .H5PX)  •  1C  I  IB  )  »ECPl  .  (C(  19)  .ECS)  .  I  C  I  2  0 )  .FCSFX  I 
4,(Ct2l)*FPVS).(C(22I.EPVSKXl.(CI23)»FVPI.(Cl24).EVS)i(C(25)*PVSFX| 

- St-LC  LZh  UECELEX1...1C.1 27.U1:  1£EX.U  l.a2aUilV.PF-X  1  utCL?.9. )  ,.UC£l.  1 C  1 301  iMCS  1 _ 

6.(C(31)  .HF 1 . ( C ( 32 ) .HG5 ) . t  C ( 33 ) .HOP ) . ( C ( 34 ) .Hi  1 • ( C ( 35 ) .HSCLP I  *  I C I  36 
7)  .HSCLS1.I  C(  37  I  .HVPO)  .  I  C  (  38  )  .  HVSO)  .  ( C  l  39 )  .XICGFx)  .  tCIAl 

- Hl.XMNGPl.t.ClLil^XMUlG)  y.l.lCI43)  .XMIVGS)  .IC[44).XMUGS7)..1CI451  .XMWUm 

9  1  •  ( C  t  4  6 )  .XMWVP  )  .  I  C  (47  )  .XMViVPl  )  .  I C  (  48  )  .  XHWVS)  >  l  C  I  49  )  .XMWVS1 1 
EQUIVALENCE  I  Cl  51 ) »PIP)*(C(52) .PIS) «(C(53) iRHOLSI .(Cl 

1541  ,PTP)  ,IU.S5).FtSl.XClS6J.aiU.Cl.P.UUJ.S7.UQUCUJj.LCt581*X)U<iUUj-LU_- 
2591  lUDGl.S)  .(Cl  60!  .QOGUP)  .  (Cl  61  I  .OOGOS) » (C  162  I  .QOGS I  .  I C  ( 63  )  tQDGWP  )  t 
3 ( C ( 64 1 .QDGWS) . (C ( 65  I .UDLOP) . (C 166 1 .QDLOS) . (C  t  67 ) »UPLPC ) t (C I  68)  KIDL 

- 4PRI.IC  IA91  tUllLSLl.  [Cl  ->Q1  .  QDl  I.P  )  .  (  C  I  7  I  I  .0171  MS )  .  I  C  [  7?  )  .QOPGR  )  .  I  C  I  7  3  I 

5 *00 PR  I . (C( 74) .UDKPH) ♦ICI76I .UOSPC ) . (Cl  76) »UOSR ) . ( C ( 77 ) lUUSSC ) «(C (7 
68 1 tQOWP ) * ( C( 79 ) .OOPS) .  (C ( 82 ) . SPTL ) » (C I  83 

7  ) . SST U j  ( C.LB 4i  « T  )  LlC  C8iUlLCR.U.(lLI  8 6 )  t  TFCS) .  I  C  I  87 )  .TGS2  )  .  (  Cl  8a )  .TP 
STL  1  »(C(89I  *TSTG)  .(CI90I  .TSTl)  .(CI91 1  *  T  T » *  (C  1921  .VLP)  tie  (931 1  VLSI  • 

9ICI94 1  .VLP2I  .  (Cl 93  I .VLS2I 

- OEQUIVAUNCC  ( C <.96  )  . WQItP  )  ., Lg(  87  )  .I40U&1  ».(C  1.881  »WOCF X ) . (< 1 88 )  .WUCLfl  )  «.  — 

i(C(iou)«wnci5).tetion.wt>cP).tciio2),w  cf»? i * « c 1 103 1  »wdcs i •  tc ( lo<» ) • 

2W  cs?)  .tee  105)  |W  CSI.  (C(  106)  .WlP)  .(Cl  lf)7)  .WIP2) .  IC(  1081  .W1S)  l(C(  1 

- 39J-.W1S2U4-C-I.U0  L.WRV-jU4-.(C-l  UU.WQaUlCI  n2>»WStt»j  U-lCH)  3UWVP)  »  - - 

4  I  Cl  114  I .WDVP) . I  Cl  115 ) .KVP2) . (CI116I.WVS) »  C  C ( 1 1 7  I .WOVS ) 1 1 C 1 1 1 8 ) »WVS 
52)  •  I C <  U9>*WFCLP)*teil20)»HFCLSI.tCI121)»WTCCFi*(U122ltWTCLPI*Kt 

- a)  »3)  .urn  si.ifmu.moi.ifimi.wTfu.ifimi.wTifFiii.ifiun.uT 

7RI . I C* 128 1  .WTVCFX | * (c ( 129 1 *XF ) . 1C ( 1301 «YCP) • I  Cl  131 1 .YCS 1 . (C 1 1 32 ) . 
8YIP).(CI133I.YIS1,(C(134).YPVSI*(C113»1*YVP)*(C11361»YVS)«IC(1S7)« 

_ aaEI GFHUi-C-l  13fl)  .GAMf.P)  .ir  11391  .f, AMUR) _ _ _ _ _ 

OEQU I  VALENCE  1C  1 141) .DFLQGP I . I C 1 14  2 1 .PELQGS) « ( C ( 143 ) .DELQLP ) • I C ( 144 
11 .OELOUS I  * (Cl  145  I .OELOWP) t (Cl  146) .DELQWSI . (C ( 147 ) »OELT ) • (CI148 ) .DE 

- 2LTFX) .(CI1491.DE WCLS) . ( C ( 15  0 )  .DELNVP I » 1 C 1 151) .DELWVS ) . I f ( 152 ) . XMUG 

3FX ) . ( C ( 1 5  3 ) .XMUGS ) , ( c ( 154  I (RHOGFX I . I C ( 135  I »PGS2 I . ( C 1 1 56 ) .RHULP ) 
EQUIVALENCE  (CI1571 tWCPl.ICI ISBItVCS) 

_ JEOUiVAUMCt  I.C11.59 )  (T.P.IG1  ».IC1  I&0.)-lt(&EJ-tl-C.H61 )  tCptf2) _ 

EQUIVALENCE  I B( 1! »SL IQ ) . ( B I  2  I . VST ) .18(3) * VGS ) • (HI 4 ) .PGSI • 
i(B(5) .TGSI .(8(6) .TLSI . I B I  7 ! .DELPPS I . 1 B 1 8 ) .PS) . !  B I  9 ) . VLSL 1 . 

_ 2Ll£nP.t.>flPVP5)TlPniltfP15)7lBU2))QP-BS)ilBU3]»gP«)-» _ 

3(8(14)  .QPPCS)  .181 15)  .COSI.IBI  16  )  .COOS  )  .  I  3  1 17 1  ,  DST  )  .  (  3(  1 8  I  .SST )  . 

4(8(19) .CWSS) .(8(201 .CSTO) . (8(211. CPST).(B(22) .CAC51 . (bt  231 .XPGtaS ) t 

_ S1B124-)  .CFGWS  )  .  (8t  23  )  .XFGLS  I  .  t  BI26  )  . CFGLS )  .  LG (27)  .XFLWS )  . _ 

6(8(28) .CFLWS) .18(29) .RMS) . (3(30! «RCLS 1.(0131). TFS I . 1 8 1  32 ) .XMwCS ) . 
7(8(33>  .XX CS) » ( B I  37 ) . XMUCS ).(B(41). CPC S). (81451 .HLCLS 1 . 

- 81-8149)  .CPC)  S  )  .13163)  .XMuSVl  .  1  B  (  64  I  .  P  A  V  )  .  1  A  1  58  I  .CVAPS). _ 


F-62 


9  I  HI  6?  1  »C<SV)  .  tR(t>6)  .RFTVS1  ,  I  B  l  70  1  .XK.VS)  .  IB  I  7ft  1  «  XKUVS  1 
EOUIVALENCE(bl78  I  .CPVS)  >10(821  .HVAPS) .  I  B I  86  1  .XK.LS  !  .  1 8  1  90  )  • XMULS I  > 

2  (HI  1011  . CRLS2 ) • I  HI  192  I .VDLOS)  .  I R 1 1C6 1  * SSTGI « 1 0 1 1101 . ALGS ) • 
•>(13(1141.  ZS)  .(B(U8)  .DZSBDV)  «  (PI  1221  .HAS)  «  (R  ( 1261  .TAWS) 

. .  I FLCVAPP.  )  li)3MUi.yO.Qj„im  .  .  ,  _ 

1000  WDVP  ■  0. 

HVPG  -  0, 

..  HVAPP  «  0.  _ _  _ -  _ _ _ _ _ _ 

GO  TO  1099 

1001  WDVP  »  FVP«1WDBP  +  WDCFX)  ♦  XMWVP*VDLOP*YVP»PGP/ ( 10, 73»TGP ) 

_ CALL. _l Hlfi— LLLEilfiExII ,» C  PV  P 1 9  2  )  HV  p  0 1 A  i _ 

TT  »  tlp 

CALL  TARSITT. HVAPP. 98) 

TT  >  TGP 

CALL  TAHSITT.CPVP.92) 

109°  RETURN 

END 
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r  COMBU^UQM  ppimapv  tamk _ 

SUBROUTINE  CBPT 
COMMON  A.C.H 

HTMFNSIQM  A-L132QJ  a B1113QJ  . f  l  1  I1M _ 

EOU I  VALENCE  (All  I .RUNNO) . I A I  2 ) .PL IQ  I • I A( 3 ) « Til • ( A(4 I tVPT ) » I A 1 5  I »VG 
lPl.lAf  6)  .PGP)  .(A17I.TGP)  ,(A(8)  .TLP) .(  A(S).CPU)  .  ( A(  1C  )  .PPD  » <  A(  U  )  » 

- 2P.RHI.I  I  A  1  1  2  I  i  VI. PI  I  >.t  AU3)  .QPVDPLU  AU4  )  .OPIP  ).«.!  A1 1SX.OPBP  )  «  I  A  116  )  »n _ 

3PTNK ) » I  A 1 17 ) .OPPCP ) . ( A (18 ) .OOP ) . ( A ( 19 ) .COOP ) . ( A ( 20) .PR) • 
4(A(21I.TRPI.(A(2?)  .RHl'R  ).(A(23).AV)«(A(24)  .CUV )  .  ( A  I  2  5  )  .CPR1 1  . 

6 (At  31 1 iCPPT) . (At  3?  t.CACP) . ( A ( 33 ) .CHC ) . ( A( 34 ) . CIH  ) . I  A ( 33 ) .XEGWP ) , 

7 (At  36 1 .CFGWP I . I  At  37 ) .XFGLP ) . ( A(38 1 .CFGLP ) . I A I  39 ) .XFLWP) « 

. fi<><  4ft)  .CF1  UP  I  . I  A [ 41  I  .RMP)  . I  A  I U1 \  .PH  P )  ■  I  A  I  43)  .TFPI . I  A  I  44)  .THI  . _ 

9  (At  45  I  .XMWCP)  »(A(461.XILCP).(A(501  .  XMUCP )  .  I A  ( 5A )  .CPCP  ) 

EQU ) VALENCE ( A ( 5ft  I .HLCLP ) . ( At  62 1 .CPCLP )  .  t A ( 66 ! .XrtVv'PV) .(A1671.PPV). 

1  (  A  (  71 1  .CVAPP  )  .(At  751  .CKPV)  .  t  At  79)  .ULTVP)  ..(-A-UiiJ-^XAVEj-. - 

21 A( 87)  .XMIIVP  )  .  (  A  (  9  1  )  ,f  PVP)  .  I  A  1 96  )  .IIVAPP )  i  I  A  I  99  )  .XMW1  )  » 

■>1  At  n  1 1  .XM  1  «  t  A(  1  04  )  .X.MU1 )  .  (  At  108)  ,CPl  I  .(  At  112)  ,XXLP  )  . 

.  JilAH16-L^XMULIJ-l-.  t  A  1  1,2.0  )  .OF  T  L  P  )  1 1  A  I  1  ?A  )  .  CPLPU-i.  I,  At  U.3  )  .CEM?2J_i _ 

6[At 126) .CRLPl l.tAt  127) tCRLP  2 )  1 1 A (128 )  .  ACC ) . ( A t 1321 .VDLUP) * 

6 l A l 136 )  . SP  TP)  llAl  140)  »  ALGP ).  tAtl44)*AP).(At  148)  . uJPttOV )  . 

-  _  -7IAI 1521. HAP l-«-UU.&6.UXAli(£J - - - - - - - - - 

EOUIVALENCEICI 1) .CCP)  .  ICI2) .CF). 1CI3)  .  CPGFX ) . t C 1 4) »CPGP ) . t  C I  5 ) »CPG 
IS) .(Cl  6) .CPLPI «IC(7) »CPLS) .tCtBI .CYC ) . (C ( 9 1 .DFIHDT 1 1 1 C (10 ) .OPbDT ) . 
2ICI11I  .OTTBUTL.U  I  12)  .OVARt  )  .  [Cl  1  31  iPVRDT  )  .  ICt  14)  .DUhUT )  »tCI  18)  .FI 

3PI »te> 16).FlS).tCt 171 .FISFX) .(Ct 18I.FCP! . 1C  1 19 ) .FCS I « 1C 1 20 1 .FCSFX ) 

4.  ( C ! 2 1 ) » FPVS  ) .  ( C  (  2 2 )  .F PVSFX )  .  t C  1 23 1  .FVP )  .‘(C  ( 24 )  . FVS )  .  t C 1 25  )  »F VSFX ) 

5.  (  C  ( 26.)..  FCPF  *J  .  (Cl  27)  .F  I PFX  )  .  I  Cl  28 1  .FVPFX 1 . 1C  I  29  )  tHCP )  .  t  C  llfl.)  .HCS) 

6. tCt31l  .HF).  (Ct3.?I  .H6S)  .(Cl  33)  .HGP).  IC134)  .Hi  )  .  (Cl  35  )  .HSCLRI  .ICt  36 

71.HSCLS)  .  t C t  37 1  .rtVPG )  ,15(38)  *HV5G I  1 1C(39)  iXKGF X ) .  1CI41 

_ 8 )., XMVIOP )  .  1 CJJl2.I..XW$F_2  ,  1C  ( 43  ) .  XMWG5  )  .  I C  ( 44 ) . XMWGS2  )  .  t C  1 43 )  .XMwPVl 

9 ) . ( C 1 46 1  ,XMWVP).tC(47) .XMWVPl ) . t C 1 40 ) .XMWVS ) , ( C ( 49  I .XMWVS1I 
EQUIVALENCE  tC(51).PIP).tC(52).PIS)»ICt53) .RMOLS), ICt 

_ 154.)  »PTP )  ,  tc  t  35 )  .PI5.I  j.I.C  (.36 1  .ODCLPI  ».t.C  1 57)  ..QUC C.6U.1  C 1 3B ) . QP6UP I.l.IX.1  . . 

259).  QDGI.S). (5(601  .UDGL'P  I .  I C  (  61 1  .UDG05 ) ,  1C  1 62  )  .UOGS  )  ,  I C  ( 63  )  .OOGWP ) . 
3ICI641  .ODGWS  )  .  (Cl  631  .UOLOP)  .  I C  I  66  !  .QI2L05 )  .  I C  t  67  )  tODLPC  )  ,(CI6B).00L 

_ 4&RJj-l<Ll.fe3.1iai2J.SU,i,l,Ci  7ani2ULWP  1 1  ( C.(  71  l.iBPUHSJ  ll&l 7,2,1  tQPPliRH i&l 73 ) 

3.00PRI  . tC(T4) lODRPR) . I C ( 75 ) .QDSPC ) , t C I  76 ) .QDSR ) . I C 1 7 7 ) .QDSSC ) . I C ( 7 
68) .OCWP) , I C l 79 1 .QOWS) .  (C(U2)*SPTL) .ICI83 

.7)  tSSTU.  (C(84)».ri..  IC-tBSUTFCR)  *  I  Cl  86 )  >.TFC5  ).t  ( CXaJ.)-,.m2)j.lCJL&a)A7P._ 
8TL 1.IC (891 .TSTG1 , (Cl  90) »TSTL ) « (C (91 1  * TT 1 . (C 1 92 ) iVLP) . I C ( 93) . VLSI . 
9ICI94I . VIP2 ) . (C ( 93 ) .VLS2 ) 

nynnl'Ml  cure  n  .  u«.  i  .urmu  i  .  I  r  I  07 )  .unuti  .  If  IQAl.uiifH)  .  If  IB61  .WAfLtl  . 

lie (100  I , wDCLSl * | C( 101 1 .VtCCP) .(Cl  102 3 «W  CP2 I . (Ct 1081 .WDCSI * ICt 104) • 
2w  CS2 I . I  Cl  106  I »W  GSI.ICI106J .WlP ) , I C ( 107  I .Wt P2 ) , (C ( 108 1 .WlS I .ICI1 

_ API  .UIS.2)  .  ICI  110)  .UPV-S2  1  .IC1  1111  .1UDR)  .  1CI  I12I.MSTG2I  .  (C  t  A  13 1  .MVP  1  . 

41  Cl  114) .WDVPI.ICt 1151 .WVP2) »(Ct 116 ) . WVS 1 . (C 1 1 17 ) ,WDVS) .(CllltliWVS 
52)  . ICI  119)  .V’FCLP  1 . (C 1 120)  .WFCLS)  , (C 1 121 1  .WTCCF  ) , (Ct  122)  .NTCUP)  .ICI 
— 6ia»i.)4T  cut  >«  i-u24  ).uTCB).iru2M,fcMTcti.(r  (lati^aicfxuif  ( U7)  aa. 
7R ) * ( C • 128  )  .WTVCFX )  ,(C(129),XF)«(CI130) »YCP I . I C ( 131 ) .YCS I , (C 1 1 32 ) » 
BYIP).IC(133l»YtSI.(Ctl34).YPVS).tCll331.VVPI.(Ctmi»YVSI.ICIll7)» 

_ 9BET6F X 1  .  I  dill )  .GANGP )  .  (C  (  U9  )  .  GAM65 1 - - 

OEOU I VALENCE  (C ( 1*1 1 .DELQGP) . ICI 142 ) .DELOGS) . t C ( 143 1 iOELQLPI • (C ( 144 
1) .DELQLS)  .(CI14SI  .DELUWP).(CI146).PELQHS).(C( 1471.DELT) .(CI14BI.DE 
2LTEX ) » <  C I 149 ) .PSMCLi ) .  (&(  16ftP«0SLWVP ) » I C 1 151 )  .  PEI  MVS )  .  ( C  ( 1 32  )  . XIIUG 
3FX)«(C( 133) .XMUGS1 • ( C( 1341 .RHOGFXI , ( C( 153 ) .PGS2) . (C( 1561 iRHOLP) 
EQUIVALENCE  (Cl 1S7),WCP)»IC(1S8)»WCS) 

_ EQUIVALENCE  (C 1 139 ) .TPTR) . IT  1 1 60 ) i WAP ) , If  1 161 )  .CPQ2) - £ _ 

EQUIVALENCE  18 1 1 1 .SLID) , (8(2 ) .VST ) , l Bt 3 1 »V6S ) » (BI4 ) .PUS) • 

II BIS) <TGS> . (BI6 1 »TLS) * (6(7) .DELPPS) . (BIB) .PS I  *  I B 1 9 1 .VLSL I . 

- 2IBI  )JU.OBuaSU-.IBHl)  .CP15)  .IB-lli).0PB5l.iail3).0fiC.3U - 

3(6(141  .OPPCS) . (B( 13) .COSI . 181161 .CDOS1 »(B(17) *OST ) • (B( 18 1 .SSTI . 

4 1 B ( 19 1 . CWSG ) • ( B ( 20 ) .CSTOI.I 6(211 *CPST ) » ( B ( 22 1 .CACS ) . (B ( 23) . XFGWS ) . 
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- ULRUt.)  .rPfiUS-L.IW  I  39  1  .XFr,l  SI  .  IRIJAl  .rFftl  tl.IHI9-M.HPI  US'  . _ 

6(B(28 1 *CFLWS) i (B ( 291 iRMS) *(B!30)«RCLS)*(B(31)«TFS!*tBO2) tXMWCS) • 
71B133I  «XKC$)  »IB<37)  .XKUCS)  .<B(4D  ,CPCS)  «(B(4S>  .HLCLSI  ♦ 

_ B1&1ASU fcCHCi  51.,  ir  I  Ml  .  muti  .im/i  .  mnai  .rutP.ti  . _ 

91BI62I  »CKSV ) * ( B (  66  I iBETVS) »  t  B 1 70 )  »XK.VS >  ♦  l Bt  74 )  t XMUVS  1 
EQUIVALENCE ( B(78 ) »CPVS) * (B (  82  I »HVAPS) • ( B 1 86 ) • XXLS I •  ( B (90 )  tXMULS) * 

_ 1  (Bias)  .ftFTLSI.IBIQB)  tCEL&l  1  .  IB146I  .CPLS9)  .IBMOOI  .CKLS1  U _ 

2 1 B( 101 1 »CRLS21 . ( Bl 1021 .VDLOS) • 1 B ( 106 ) * SSTO) *  (  B ( 1 10 ) *ALGS) » 
318(1141  .25)  *  IBIH8)  «D2SBDV)  .  (B(122)  «HAS)  t  IB ( 126 )  > TAWS  1 
- IF  1 CCP  )■  1101  .1102.1  1,0? - - - 

1101  WOR  «  0. 

WDCP  «  0. 

- WDCLP  «■  0« - 

QOSPC  »  0. 

QDCLP  »  0. 

- ar.LRC  a  jy. - - - 

GO  TO  1199 

1102  WO  »  IWDR  AWDR/RMP) 

_ WDCB-S-  Wa*.Li^-RCLPJ _ _ 

WDCLP  «  WD*RCLP 

QORPR  ■  (CPR1  ♦  CPR2* (TR  +  TRP)/2.)*WDR*(TRP-TR) 

- qdlbr,  .■  -Uttum  t  xftmatiTB  tlbw2.«i«mdr/bmwmtlw  .t»i - 

CALL  !NTG(TRiTFP.TT,CPCP.SS»HCP*A> 

QDPR  ■  (WDCP  ♦  WDCLP )»HCP  +  QDRPR  +  QDLPR 

- - xhcb  .»  T8-*  aaeatiTEBn  TauiwcBtiwoca-*  wdclbh _ 

CALL  !NTG(TRiTFCP*TT»CPCP.S3.HCP.A) 

TFCP  »  TR  +  QDPR*(TFCP  -  TR )  / (HCP* 1 WDCP  +  WDCLP) I 

_ nniao  »  rAfBtfnr«wnmn-ii7«iTFrP  ~tipi _ 

TT  »  TLP 

CALL  TAB$(TT,HLClP»J91 

- CALL  lNT6ITLBiTFCg»TT.CBCLP»&3.H5CLB«A) - - - - 

QDCLP  ■  (MLCLP  ♦  HSCLP ) *WDCLP 
CALL  t NTG  (TR.TGP.TTiCPCPtSS.HCP.A) 

- TALL  iNTfi  I  TR«TLB«TT >f PCLBtftl iHBCI  B*AJ _ 

0DSPC«QDPR-WDCP*MCP+WCCLP»1HLCLP-HSCLP) 

1199  RETURN 

— - (ua - - - - — 


f-65 


ttTD-TUft-61-U23 


r  TIMF  INCREMENT 

SUDSO'IHNF  I  INC 
COMMON  A.C.P 

DIMENSION  At  13201  (h{  1  1301  »Cl  1801 

EGUIVAlKNCI  (All  I  ."dlNN'/i  .(At  21  ti’UU  )  .  (  *  (  3 1  «T  I  1  •  l  '•  ( 4 1  ,  V^T  )  .  ( /•  (  3  )  •  VI- 
IP)  .1  At  61  .PC.P)  .  IA17)  .Ti.P)  .IAtt>)  .TUP)  .  IA(N]  ,CPO!  .  (»(  1C) .PPL)  .  I A I  11)  « 

2PPH)  «  t  At  12)  .VLPLI  •  IAU31  .UPVDP)  • 1 AC  14) .0P1P) .  UU  lJ>  1  .UPiiP )  .  t/.llt  I  it 
’PTNA) » ( A<  17)  iOPPCP  I  . (A(1K1  ,rt'P)  <  (At  I'll  tCPOPI  •  (A (20)  .PHI  i 
4(  At  21  )  .TUP)  , ( A(??l  .KHC'R)  •  t  A  t  2  3 1  <  AV  I  >  t  A  t  24 )  .C'V  I  «  (  At  ?  3  )  ,CPk  }  )  , 

3  (  At  2ft  1  .CPR2).(A(27) .DPT  )  .  t  A  t  ?H )  .SPT  )  1 1  A  I  21.' )  .UvSHi  •  t  A 1 30  I  .CPTO)  > 

6  (  A  t  7 1  1  .CPPTI  .(  At??)  .CACP)  .1  A  t’3)  .CMC  !  •  t  A  t  ’4  )  .CD  )  .  (  A  t  »3  ) ,  XFCv :P  1  • 

7 ( At  76 1 .CFGWP I  *  I  At  37 ) .XFGLP ) « 1  At  38  >  «Cf  GLIM « ( A ( 39 ) .XTLWP) . 

R  (  AI40  )  .CFLWP  I  .(  A  ( 4 1 )  »KMP  )  t  (  A  (  42  )  <KCLP  )  .  ( A(43  )  « 1  FP  )  iX/.  U44  t.TM.-  _ ...  . 

0  (  A  ( 43  1  iXMV.CP)  .  I  At  46!  .XXCP )  .  (  A  ( 1 0 )  .  Xf'.PCP  I  .  ( A  (  64  )  ,tPCI) 
rolJlVALF.NCI  IM3B)  .MLf  LP  I  .  t  At  62  )  .rP'.LP  )  .  I  A I  66  )  .  X  -I ■  v  )  •  (  A  (  6  7  I  .Ivy)  • 

1  (  At  71  I  iCVAPP)  f  t  A  I  73  )  .CNPV  1  »  t  At  79)  i‘i!.TVI'  I  .( A  It  3)  •  Xf.Vi'  )  l 

2  t  At  87  1  .XMIJVP  )  *  (At  91  I  .CPV'P  I  »(  A 193  1  .IIVAPP  )»(  A  (•*>>)  »  XNWl  )  . 

31 AtlO-J) .XIC1 1 . I  At 1C4 ) . XMU1 ) . ( A 1 108 ) .CP I ! * t A t 1 1 2 ) i XALP ) . 

4  t  At  116)  .XMliLP  )  .  (At  1201  .ItETLP )  i  (At  124)  .CPLP1  )  .  (At  123  )  .Cl  LIE24-.- _ _ 

b  ( At  12  6 1  »CRLP  1  I  »( At  127)  .CRLP2  ) « ( At  128 ) .  ACC  ) .  t  '■  1 1 22  )  iVl'LUP)  i 

6(  At  1361  .SPTC)  .  t  At  140)  .ALGP1  •  I  At  14  4)  ,ZP  )  *IA(  148)  .D2PDDV)  , 

7  ( A!  152  1 .HAP ) <  t  At  166 ) « T  AWP1  -  - 

EQUIVALENCE l C 1 1 ) .CCP) . ( C [ 2 ) »CF ) . t C  1 3 ) .CPGFX ) . (C ( 4  I .CPGP I • t  C 1 3 1 »CPG 

IS)  i  (C  <  6 1  .CPLP )  .tCt7)iCPLS)»tClB)  .CYC) • (CI9)  .UNHOT  l.tCtlOl.DPUQTI* 

2  1  Cl  11 )  .DTT»DT).tCM-2)  .DVARl).tCtl3i.DVaDTl._tCllA)  .DVirtPT  I  .  [  r  II  4  1  .PI _ 

3PI«(C<16).FIS).<C(17).FISFX).ICUB).FCP).(CI19I.KS)»(C(20).FCSFX| 

4. (Ct2ll.FPVSI.IC(22).FPVSFX).tCI23I.FVP|.(CC24l.fVS) »  (C  (23 1  «f  VbFX  ) 

5.  IC1261  .FCPFXlxl.C!i31.f-l££X.ljuI.U2fl.)..FJtfiF.X).UC.L2SU.illCliJjXC.LMJ.i7lCSJ _ 

6. (C(31).HF).(Ct32) .HGS I . (C 1 33 1 .HSP ).ICI34)«H1).(C(33) .HSCLP ) 1 1 C  t  36 

71.HSCLS)  •  ( C ( 37  I .HVP6I « I C 1 38 ) .HVSG ) 1 1 C I  39 ) .XKt.FX ) i  ICI41 

-  A  )  .X«UGJjl-.(tLE42  I  . XMV.'GFX  )  .  ICt.lLlI  . XMMliF. )  . iHl  44  J-.XMUGS2L._LCI  AS  )  .X.-1WPV  1 
9 1 . (C ( 46 1 .XMWVP 1 . ( C  1 47) . XMWVP1 1 • I C I  48 1 . XMWVS ) • l C  t  49 ) .XMWVS1 1 
EQUIVALENCE  IC( 31) »PIPI.(C(32I  .PI  6)  .  ICI 3 3 ) tkHuLS I . tC I 

.134UPT-PUtCt&iUP.ISX.-tC-tS61  .aPCUM  .  ICL3 7 l.QDCLS-l.t  I  CtilU  iUJLibLP-U.LU _ 

239 )  .QDGl.S )  <  ( C  t  AO )  .UOGL'P )  1 1 C t  6 1 1  .QDPOS )  t  (C  1 62 )  *ODGS )  •  ( C 1 63 )  .ODC.V/P )  • 

3 (C ( 64  I .QDGWS ) • ( C ( 63 ) .UDLOP ) . ( C 1 66 1 iQDLOh ) • (C ( 67 ) iQDLPC ) . ( C 1 6B ) tUUL 

. — - 4BR1«  1  C 1 69  I  .QUl.Sf  1  *.(  C 1 70 1  iQQl  WP )  .  I  C  l  71 1  .QDl.UlS )  .  1  Cl  77 )  iQDPliRI » I C  I  7,3,1 _ 

5 iQDPK 1 . 1 C 1 74 1 .UDKPK ) t ( C ( 73 ) .UDSPC ) . t  C  t  76 ) .UDSK I  .  I C I  77 )  .UDSSC  I  »  I C  (  7 
68) iQDWP) . (Cl  79 1 .QDW$) .  I  Cl  82  )  .SPTL I . (C I  83 

8TL) » ICI 89 1 »TSTG) *(CI90)*TSTL)*ICI91)«TT1* (C(92 ) »VLP! • ( Ct 931 1 VLSI  * 

9ICI941 .VLP2l.ICt9Sl.VLS2) 

- - -QtQUl VAtmCi  KIM)  .WPBB  Ul  SI  >7)  .wntttt>4CI  B»>  .  )  . I C I «8 ) «hPCLB  I - 

ItCtlOU) »WDCLS).ieil01)*WDCP)*(C(l02I.W  CP2  1  *  I Ct 103) *WDCS  1 .  tC 1 104  )  • 

2Vi  CS2I.(C(103).W  GS)i(C(106)  tWlP)t(C(lC7)<WtP2).lCll08l.'4lS).(Cll 

- -  wwwi .icuio).mpvs2) .te< mi .wntB>.ic(in).wtTc.2) >ttuni.w». - 

4ICU14)  .wDvP).(cius).wvP2).icm6).wvsi.(Cui7itwovsi*tcaieiiwvs 

321.  tel  119) .WFCLPl  .10(120)  .WFCLS) .  t Ct  121 )  .VJTCCF  )  .  (C 1 122 )  .WTCLP  )  . ICt 

- tutuiuen)  a.gi  UAU4TCB).u:na8)  .yTr.ti.uuafcA.MTietx)  .ii;n27).MT _ 

7R) « I C 1 128) .WTVCFXI .tCll291.XFl.(C(130) »YCP1 1 (Cl  131 1 »YCSI . ICI 132 ) * 

8YIP) « •  C  1 133)  »YIS) • I CI134I. YPVSI. ICI 1331 *YVP). ICI 136) .YVSl.iC 11371. 

. . 9BETQFX  )  .  IS  I  Hi  )  .GAH6P)  .14(119)  .6AW.H - - - - - 

OEQU 1 VALENCE  ( C 1 141 ) .DELQGP I » I Ct 142 ) .DELQGS) . I C ( 143 1 .DELQLP 1 1 1  Cl  144 
1) .DELQLS1 . tC 1 145 >  « DEL0WP1 * t  Ct 146) .DELQWS) . tC 1 147 1 .DELT I • (CI14B) »DEf 

- ilWHUCUW  .PSMgLS)  .ICI  1301  .PEUHVB)  >tr.  UtD.DiLMVtl.  ICI  U2).XMur. 

3FX) , (Cl  153) .XMUGS) • (Cl  134 ) .RHOGFX) . ICI 133 1 .PGS2) . (Ct 136) .RHULP ) 
EQUIVALENCE  (Ct 137)  tWCP) .ICI 138) »WCS) 

- EQUIVALENCE  ICI  189).TPT6).tCt ltft) .MSB) . I C  < 141 ) .CB02  I - 

EQU 1  VALENCE  (i)tl).SL10).!8l2).VST).(B(3)  .  VGS  1.13(4)  .PGSI  . 

1 1 815 1  i  TGS  1.18(6).  TLS)  .16(7)  .OELPPSI  » < BU I  .PS)  •  (Bt 91  »VLSL). 

- itBi  ini  .npvnsi.iaian  .ppusuasuai  .QPBEi.iBiui.npcsi . - 

318114) .OPPCSl.lBtlS) .C0S)»(B(16) .COOS) . 1 8 1 17) »DST) . (81 18 1 »SST I . 

4(^119) .CWSS). 181201. CSTOI. (81211 »CPST).tBt221.CACS).l8t23).XFGNS I* 
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_ 5-1  B.L2V)  >  l£-t 27 1  >-XFLMSJ  » - - - 

618(281 .CFLWS) * (fit  29  I .RMS) • ( B ( 30 ) .RCL51 * ( D ( 31 ) i TFS I • ( 8 ( 32 ) .XMWCS) . 
7(8(381  .XKCS) . (81 371 tXKUCSl * ( B I  41 ) tCPCS ) •  ( 8 1 45 1 .HLCLS 1 « 

_ 6(8144  1  .C£CL£-L.-tBX33)  .XMUSU1  .  (RI541  .PAUL.  (RI5B1  .ruAPSl  . _ 

9 ( B I  62  I .CKSV ) .  I R l 66 1 .Hr TVS) . ( B ! 70  1 . XKVS 1 . 1 R ( 74 1 .XMUVS 1 
EC1U  IV ALENCE ( B( 78 1  «CPVS 1  «(B182).HVAPS)»(B(86I*  XKLS 1  « ( B ( 90  1  .XMULS 1  » 

1  (8  (94  1  •a£TLSJ-tLBX9fll.»CBl-Sll  .--LB199)  .rPLS?) .  (8(1001  .CR1  SI  )  . _ 

2(8(101)  .CRLS2)  .  (  R  I  102)  .VDLQS)  .  (R(  1C61  .SSTG)  *  (  B ( 1 10  1  .ALGSI • 

3(8(1141 *2  S 1 *  lb! 1181 .D2SBDV) • I Bt 122 1 .HAS  1 . I B( 1 26 1 .TAWS) 

_ _ IF  (QR-LP-1 — 12C-L.120-1. 12D2  - _ ____ 

1201  DELT  «  COT 
GO  TO  1297 

-1202-  IF.ICCP-l  -1203.  1201_l_12H4 _ _ _ _ _ _ 

120  3  PP  «  I'PI. 

GO  TO  1205 

1  704 _ RE_?_EEH _ 

1205  CALL  TAHS1VGP.02PHDV.149) 

OWRDT  ■  WOCP  -WOHP  -  V.'DCFX 

DVBDT  ■  VOLOR  +  .  WD.VfiVRHQLB _ _ _ _ _  _ 

W1P2  «  W1P  -  L  |V'«  ( WD8P''WL>C F  X  I 

WCP2  *  WCP  -  FCPMWDRP  *WDCFX)  ♦  WDCP 

_ _ Quapr  .  I  MVP  ,ul  bj  *yf  P  J  w  ( uuP/XMuuP  tuiPa/HMul  -.urpj/XMycPi-xMuii'P 

OTTBOT  «  t  QDSPC“OOLPC“QDCLP“QDGWP“QDGLP-Vi(DVP*HVPG-OUwP  1  /  ( W0P*CPGP ) 
DPHDT  •  DTTBUT *WGP* 10.73/ ( VGP*XMWGP 1 +DWBDTM0.73*TGP / ( VGP*XMWGP I 
_ _ _ i-pyar<T«ur.B»ia.7it«Tf.a>iuGP««a»»MMGi>i..OMnoT»ur.P«in.74«Tr.P/ixMMGP<nn 

2*V6Pt 

0ELT2  ■  ( PP-PGP-ACC*RHL'LP*ZP  24633 . 1  /  ( DPBDT*DZPBDV*VDLOP» ACC»RhOLP/ 

- -  14633^1 - - - 

IF (OPVDP 1  1206.  1206.  1207 

1206  OELT  «  0EI.T2 

_ QQ  TO  1T14 _ - _ - 

1207  1FIDELT2  1  1220.1218.12075 
12075  RHOLP  •  CRLPl  +  CRLP2MLP 

_ ULtfa  K  VLB  n.  Otl.UHVCl.UB  »  wDtLA-lHMBtftHQLB )  1 _ 

IF(CVAPP)  1208.  1208.  1209 

1208  DELWVP  •  0. 

_ MVP-2- 4.-*UR_n  DF.LT2*FJVP*tMDBP  ♦  MPCFX1 _ 

GO  TO  1210 

1209  WVP2  «  CVAPP*PPV*  (  VPT  ••  VLP2  I  «XMVfVP/ 1 10 .73»TGP  1 

_ DFI  UUP  .  MUP-3  -  lilffi  ♦  OFl-TJ»FUPtlWORP  *  UDfFXl _ 

IFI0EI.WVP)  1208.  1208.  1210 

1210  VLP2  »  VIP. 7  -  OELWVP/RHOLP 

_  dfiquP  m  P&P.lviP  -  VLP?l».iaa _ _ _ _ 

VGP2  ■  VPT  -  VLP2 

W I P 2  •  WIP  -  0ELT2*F1P»(WDBP  ♦  WDCFXI 

_ MCE2  «  .MCP  -  DE,LT2ftf  CPftlMDBB.  t  BOCFIU  t  BFJ.T2tMOCP _ 

WGP  «  WVP2  ♦  W1P2  ♦  WCP2 

DILQGP.OELT2*IOOSPC“OOLPC_QOCLP~UUGWP“QDGLP) -DELWVP*HVPG”OfcLOWP 

_ _  HftP  .  uupatcpup  ♦  urp?«rpcp  ♦  mip?«cpi _ 

TGP2  ■  TGP  ♦  OELQGP/HGP 
TT  «  TGP2 

- CALL  TABU  TJ»  CUV.  76) - 

XWWVP  »  XMWPV/li.  ♦l./SQRTFIl.  ♦  4.»CXPV«YVP»PGP) 1 
XMWGP  «  «GP/(WVP2/XMWVP  ♦  WIP2/XMWI  ♦  WCP2/XMWCP) 

- MM  »  WGP*  10*73*  TOP  2/  I 86831 XHMiiB  I - * _ 

CALL  TABStVGP.  ZP»  141:1 

PTP2  •  POP2  ♦  ZP*RHOLP*ACC/4633« 

- BELT3  «  DiLT2itBXB-BflJ/tB»»PTPai - 

VLP2  *  VLP  -  DELTS*(VCLOP  ♦  «DR/ ( RMP»RHOLP 1) 

1FICVAPP)  1211.  1211.  1212 

- UJ-1 - QELWVP.  «  CU - 

WVP2»WVP-0ELT3»FVP*CHCBP4WDCFX) 

GO  TO  1213 
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- liii - I4VM.-*,.  CVAPB«.BP-yt.|-V8T.  a  .VL  B  a  )  EXIAWMB 2 1 10.  TmSP  ) 

DELWVP  «  WVP2  -  WVP  +  DELT3»FVP*lWDBP  +  WDCFX) 
lFIDFLWVP)  1211.1211.  1213 

- 1214 — VUP-2  *  -VUP2 -■»■-&€*  WVP - - — _ 

DELQWP  «  PGP*IVUP  -  VLP2I*.18S 
VGP2  ■  VPT  -  VLP2 

- WXB-2-J-  W 1 P  r.  OEUAttEOEUmiaB  t  WDCFX1  _ _ 

WCP2  •  WCP  -  DELT3*FCP»(WDBP  +  WDCFX)  +  DELT3»WDCP 
WGP  *  WVP2  +  WIP2  +  WCP2 

HOP  *  WVP2  »CPVP  ♦  WCP2«CPCP  ♦  WlP2*CPt 
TGP2  >•  TGP  *  DFLOGP/HGP 

...  - U.-J.-LGE2 - 

CALL  TABSITT,  CKPV.  76) 

XMWVP  «  XMVPV/U.  +  l./SURTFll.  +  A.»CXPV»YVP*PGP)  ) 

XMWGP  »  WGIV  [WVP2V XMWVP  +.  W  lP.aVJU4«.l_*_-WCP-22Jl8iUCEJ _ 

PGP2  *  WGP*10.73«TGP2/(VGP2»XMW&P> 

CALL  TAHSIWGP.  ZP.  1*E) 

PTP3  .  »  PGP  Z  »..2P«RHQ  I  P«ArC/*A33. _ 

1F(  (PTP3-PP)»(PTP2-P)M)  121*.  U1S,  uli> 

121*  DELT  •  CELTS  A  (DELT2  -  DELT3 ) • l PTP3-PP I / I PTP3-PTP2 ) 

_ GO-JO.  121  h  . . . . . 

1213  CELT  •  DE1.T3*  ( PTP-PPl  /t  PTP“PTP3 ) 

1216  1F10FI.T)  1225. 1218.1217 

— uu— oKut-6  a. - — - — - 

X  «  K  *  1 

IPIK-4I  1299.1299,1219 

12X9  SENSE  -  UOHt  1 - - - - - - - 

GO  TO  1217 

1220  1 F (CCP  )  1218.1201.1221 

12219_OELT  »  0.  ~  “ 

GO  TO  1219 

.—  1222--  DELI 3 _ . _ _ 

1217  K  «  0 
1299  RETURN 

_ END _ _ _ 
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r  am  ruunTTlONc,  pptm.pv  Tint _ ___ _ _ _ 

SUBROUTINE  NCPT 
COMMON  A.C.R 

_  DIMENSION  A(  13201  .ailllQUCUflO)  _ 

EQUIVALENCE  I A 1 1 )  .RUNNO )  » I A I  2 )  «PLlQ  1  .  I A I  3  > .  T 1  1 . ( A I A 1 ,VPT 1 • ( A 1 b 1 »VG 
1P).IA<6>  »PGP)  t  lAm.TfiP]  .<AI8).TLP).(A(9)  .CPU) . I  At  10 1 .PPL )  *1A(11 )  . 

- 2BflH)»IAI121-^UL£U  ,-UlM/i.i.QP.IPi.  iai-IR'  .oPnPi  »  lAlit.'  .u 

3PTNX) i  I  A  1 171 .OPPCP) . I A [ 181. OOP) . ( A { 1 9 ) , COOP ) i I  A ( 20 ) .PR) . 

41 A I  21 1 .TRP!  .  1 A (221 .RHOR1 . IA( 23) .AVI . 1 A (24 1 .CDV1 . ( A 1 23 I .CPS  1 1 . 

-  3  LAI  26  I  .CPR21  »4Al-271-.DPtl.lA12E-UaEJ_l  axL23-UCWSPl.  IAI3Q1  iCPTUl  . _ 

6(A(31>.CPPT)«IA(32I  iCACP)  .  I  A I  3 3 ) *CHC ) *  I  A I  34 ) .COT  I  .(  A  I  33  I  .  XFGVvP  )  i 
7IA1361  .CFGWFl  . I Al 37 ) .XFGLP)  .(M3B1  .CFGLP) . ( Al 39  I  .XFLWP)  . 

- atAUOX.C-F-UHB-1  .  1A14U-.RMR)  .1  A142)  .RCLP1.1A-U3-UJFP1  .  U1441  .Th|, _ 

9  (At  41 1  « XMWCP  1  .  IA1461  .XICCP)  .  [  A(  30)  .  XMIJCP)  .  I A  (  54  )  .CHCP) 

EOUl VALENCE ( A( 58 1 .HLCLP1 t ( A ( 62 1  .CPCL P I  .  ( A ( 66) .XMwPV) . ( A I  67  1  .PPV 1 « 

KA1711  .CVAI'P)  t(  AI75U.CK.P.V)  .  (  AI79I  .0ETVP1  .  I A  1 83  J-.XXVP )..  ........ 

2  (  A(fi?  1  .XMUVPI  .  I  A  (  9  1 )  .CPVP1  . !  A  (95  I  .IIVAPP)  .(AI99I  .XMWI  )  . 

3  (  All  001  .  XK  t)  ,  (A(  104)  .XMUl  1  .(  A(  108)  ,CP!  1  .  (  A  ( 1 1 2  I  .XALPl  « 

- 4 -1AI.U.6  UXMU-P  l  .  I  A  I  12Q.1U1LUP.)  .  IAX.L24-)...CPLPl  )  .  LAU23  I^CRUL2X^_ _ _ 

3( Al ixo ) .CRLPi  )  .(A( 127) ,C«LP2 I . ( A ( 128 ) . ACC ) . ( A 1132 ) .VDLU1M  . 

6(A(136)  .SPTCl  .  I  Al  140)  .  ALGP  )  .  (  A  I  144  )  .ZP)  .  I  A  I  148 ) .DZPBDV ) » 

_ 7  (  A  t_L32. 1  .HAP.)  .14(1361  .TAMP) _ 

EQUIVALENCE ICI l) .CCP1 <!C(2).CF)<IC(3) .CPGF  X ) . ( C ( 4 ) .CROP  )  *  I C 1 3 ) »CPG 
IS). (Cl  6) tCPLP 1 • (C (71 .CPUS) .(CI81.CYCI.ICI9) .DMBDT ) . (Cl  10 ) .DPBOT I . 

- ?1C  111  )  .DTTBQT  )  .  ICI  1?)  .DVAR1  )  .  If  IlD.m/MlT)  .  |g 1 1 Al .nuRPT 1  .  I  CM  %  I  .Ft 

3PI.(Cll61«FlS).(C(17).FlSFX)«IC(18).FCP)ilCU9)  »FCS) .  I C  (  201  tFCSKXl 
4.ICI21) .FPVS)  .1C (22 1 .FPVSFX) ,(C(231 .FVP). (CI24I .FVS) .  I C  I  23 )  .FVSF X ) 

... - -  _3jJ-CL2.(lLiF.CP-F_)11-I  1C127 1.FIPFXI.1C128)  .FVPFX1  «  IC129  ) .  HCP 1 . 1 C  1  30 1 « HC6) 

6.ICI31) »HF 1 » ( C( 32 )  .HGS) . ICI 33 ) .HOP I , ( C ( 34 ) .Hi  1 . ( C 1 35  I .HSCUP) t ( C ( 36 
7I.HSCLSI •( C(37 ) .HVPG1 . 1 C 1 38 1 «HVSG) . I C I  39 1 .XXGFX) .  ICI41 

- flj  iJIMIllfifcJwAX  C.1  42  1  .XMWGFX 1  »  ( C  I  43  )  .XMWGS  1  .  I  C  I  44  )  . XMWGS?  I  >(C  (46)  .  XMWPM  1 

9 ) i (C  (  46 1 |XMWVP).(C(47). XMWVPl ) . 1C  I  48 ) . XMWVS ) *  I C l 49 ) . XMWVS1 ) 

EQUIVALENCE  (Cl  51 1. PIP) .(CIS21 .PIS) t(C(S3) .RHOLS) » (Cl 

- LHU-.mU.-MCtiii  »Pl^Xi.t.C.L3Al jQDCURl-.  IClSZliflULLSla-LCliBl  iUDOLU  .ICI _ 

239)  iQQGl.S)  I ICI60)  .QDGL'P)  .  I  C I  61 )  .QDGOSI  .  I C  (62)  .UDGS 1 . 1C  1 63  )  lODOwP  I . 
3lC(64) iQOGWS) . ICI 63) .ODLOP) « ICI66) .QDLOS) . 1C  1 67) .UDLPC I . I C (68 ) . QDL 

- 4PHi.iri69i.QPi  sn.irnni.Qpi  mpi  .if  1 7J  )..qblmsij ic i7?i  .uppgri .  if  1731  _ _ 

3.QDPR1 . (C(?4)  .QDRPRI » 1C  1 73 ) .QD5PC ) .(Cl  76) .QDSR) .(Cl  77) .ODSSC) . (CI7 
6B).QnwP)  .  I C I  79 )  iQDWS ) .  (C 1 82 ) *$PTl I . I C ( 83 

- -LljAUl  )0.1C.i  aiU-LU-i-lClflS)iTFCP)  .  1C  1 86 )  .TFCS) .  I  C I  87 1  .TGS2)  .  ICIBH)  .TP- 

8TL I.IC(89).TST6I > I  Cl  90) »T STL )*tCI91).TT).ICt92I.VLP)ilC(V3)iVLS). 

91 C 194  I .VLP2)  .(Cl  931 .VLS2) 

- QE0U1 VALENCE  I C 1 96) » WQBB ) .  I C(  97 )  .WOBfc.)  » IC1 98 )  «-MPCF  X  )  » ICI 8P)»WP66N )  . 

1  ICI 100) .WDCLS I . I C 1 101 ) «WDCP I . (Cl  102 ) .W  CP2 ) . I  Cl  103 ) .WOCS ) .  1C  1 104 1 . 

2W  CS2 ).(CI103).W  GS).IC(IQ6)<WIP).(C(107).W]P2).(CI10B)»W1S).(C(1 

— - -39  )  .Wl  S84-.I  Cl  110 )  *WBWS2  A  CX 14 1)  .MUM  ).ICIH2)»WiT42).IQI  E484-.WAR4-. - - - 

4IC1U4I  .WDVP  I .  ICI  1 13  )  >WVP2  )  .  (Ct  1 16)  .WVSI  *  (Cl  1 17)  .WDVS)  .  (C 1 118)  »WVS 
32 l.l Cl  119I.WFCLP) .(CI1201.WFCLSI » (C 1 121 ) .WTCCF I . (Cl  122 ) .WTCLPI.ICI 

- >12»).MTC4.V1.AC(  124)  miTCB) .  ICI  1231  .WTCS1.  161 186)  .wTICEXI  .ICI  1271  .WT - 

7R1.ICI 128) .WTVCFX ) . I C 1 1 29 ) . XF ) . I C 1 1 30 1 »YCP) *tCt!3l).YCS)»(Ctl32)( 
8YlPI»ICI133l«Y|S)»ICI134) . VPVS1 . (Cl  139) »YVP) »ICtl36)»YV5)»IC(137). 

- 9Bi.T6FX4^C4mu&AMCP).ICI  U9).GAMQt) - - 

0EQU1 VALENCE  (C 1 141 ) . DELQGP ) • I  Cl  142 ) .DELQGS ) . I  Cl  143 ) iDELOl P) . 1C  1 144 
1 ) .DELOLS ) • I C 1 145 1 iDELUWP) . (C 1 146) .DELOWS) . (C 1 147) .DELT I • ICI 148 ) «DE 
- 2LTPX)  .ICJlfcOl.nFuri  n.inum  ^LifnMi.nn  .  ir  i  l.a . 

3FX ) . (C 1 1 33 ) .XMUGS ) .  I C 1 134 1 . RHOGFx ) . I C 1 135 ) »POS2 ) . ICI 156 ) .RHOLP ) 
EQUIVALENCE  ICI 137) >WCP) . (C 1 138) .WCS) 

- FflLllVAI.ENCF  10  1139  1  .TPTf.l.tfl  160  1  .4SPl.tr  Ilfcll.rPnj) _ 

EQUIVALENCE  ICI163! .WPTG1 .(Cl  166) .WSTGI 
EQUIVALENCE  18(1) .SLIQ) .10(21 .VST) .1813) .VG5I »(B(4| .PGS) t 
- 1(8131  »  T  fiS  1  .  I  8  I  6  )  .  T 1  A)  .iat7  1.PPLPP41.lftl«l  .PM.IBIOl.lfi  41  1. _ 

2 1  HI  10 ' .OPVDS I.  (Bill)  .CPIS),  t  Bl  12  I.OPBS).  (BUS  I.OPCS). 

3IBI14)  .OPPCS  1.18(13)  .COS1  . 1  Bl  16)  .COOS)  »(B(  17)  .tJSt)  .IB  1181  .SST)  • 

- 4 1 an 9 l-.guss l  .iBianj.esTQi.iBHH  .ro.tuiami.fif.i.iami.icr.mi. 

5(8(24)  .CF6WS) .  (8(23)  .XFGLSI.  IBI26)  .CFGI.SI  .18127)  .XELWR)  . 

6(8(28) *CFL  IS) . IBI 29) .RMS). IBI30I »RCLS) .18131) *TFS) .IBI32I .XMwCS) * 

- Ziani)  iXKCSI  .181371  .XMLJf  SI  .181411  .f  Pf  A)  .  IBI48  1  .HLCL-41. - 
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8  It.  (491  *  CPC  US)  . 111(531  .XKWSV) «  l  B  ( 64  >  .  P£V  >  ,  (B(  58  )  .CVAPSI  . 

9in(62l  »C*SV)  .!R(66)  IPFTVS)  .IP  (70)  «XKV$»  .tl)(7L)  .XMUVS) 

1 (HI94  )  ,»ETLS)  •  (  H  I  S  8  1  ,CPLS1 1  •  IB  (99)  tCPLS2lt(B(  100)  .CRLS1  1  » 

2(8(101)  .CRLS2 I  i  (61  102)  .VDLOS)  »  ( R  ( 106 ) .  SSTG)  *  ( B ( 1 10 !  .ALGS)  * 

_ axa.u.14)  i7S)iiflma-ujzsaDvu(R(i??)tHti«:lt»iBU26UTAiiL<i) - 

7  •  T  +  BELT 
CYC  *  CYC  +  .5 

_ _ TT.  *  _TlP  --  - - - - - - 

CALL  TABS(TT,CVAPP«72) 

RHOLP  *  CRLP1  ♦  CRLP2«TLP 

_ VLP2  «  VLP  -  PELT *J  VDLQP  t  WOR/  1RMP«RHQLP1  ) _ 

IF(CVAPP)  1301.1301*1502 
1301  BELWVP  «  0. 

WVP  =  WVP  -  DELT*EVP«IWDI1P  +  WDCFJO  .  .  ...  _  _ _ 

GO  TO  1304 

1902  WVP2  »  CVAPP*PPV* ( VPT  -  VLP2 ) »XMWVP /( 1  0,73" TOP ) 


-  - — ■ — WVW-V—  * — WVP  A-&CUJtFvPH.|  -ttDCE  X  1 - - 

irinn.wvn  nni  inoi  »no? 
no*  vvr*  -wy°? 

VUp5  8  VtM.-  DELWUP-ZRHQLP.-  ..  . 

1304  OELOWP  «  PGP* ( VLP  -VLP2)«.185 

VI  P  •  VI  P  2 

yi|  D  »  Wl  Uksuni  B 

OELQLP  ■  OELT*  l  QIKLP+ODLPC-QDLWP+QDGL  S3 1-  DELWVP*HVAPP 

TLP  «  Tl.P  +  OELQLP  /  (WLP«  (CPLPl  ♦  CPLP2»TLP)1 

RHOLP  «  CRLP 1-.  +  .  CRLP2RXLP- 

VLP  ■  Wl  P /RHOLP 
VGP  «  VPT  -  VLP 

- n, tu» - - - - - 

CALL  TABSITT.PPV.68) 

WIP  *  WtP  -  DF.lT«F1P«IWDBP  ♦  WDCFX ) 

— . . -ilCP  »  WCR .-CELT  * F CP.F-U! Q&P._+— WDCF X L.tQLELT-tMEtCP— _ _ 

WGP  ■  WVP  ♦  WIP  ♦  WCP 
FVP  «  WVP /WGP 

_ _ _ FCB  A  MCB/iAGli - 

F I P  «  1,  -FVP  -  FCP 

WFCLP  »  (WFCLP*WLP  +  OEUT*WDCLP) /WLP 

.  - - WTCLP  »  W.TCLP  ♦  OELTU'PCLP- - - , - - - 

WTR  *  WTR  ♦  DELT«WDR 
WTCP  »  WTCP  *DELT*WDC.P 

- call-  uuumftiuMLx&am  - -  „  _ 

WPTG2  ■  :wSP*SPTU 

TPTG  *  (WPTC»TPTG  *IWPTG2  -  WPTO  I  *TP"TL  .CELT*  (UDGWP  -ODGUP)  /CPPT1  / 

- owP-T-aa. - - - - - 

WPTG  »  WPTG2 
SPTL  ■  SPT  -  SPTG 

_ TOTL  a  TPTI  tn.l  Itltll)n«B.CM  n»W  If  C»  T.ftt,M.sPTL  i _ 

DELOGP  ■  BELT*  I OOSPC-UDLPC-QDCLH-QDI*  WP-QOBLP  l-DELWVP*nvP&-DtLQWP 
HOP  ■  WVP*CPVP  ♦  WCP*CPCP  ♦  WlP*CPI 

_ TGft-i  TOP  t  .QELQGP/HGP _ _ _ 

IF (FVP  I  130S.130i.1306 

1305  XMWVP  •  1. 

- . - GO  T  O  .  uoa- — - - - - 

1306  IF(OPVOP)  1307.1307.1508 

1307  XMWVP  »  XMWPV 

_ GO  ..TO..  X3.QS _ _ _ 

1308  TT  »  T8P 

CALL  T ABSITT .CKPV.76) 

- XUMWP  m_XMMPU7  I  .  jC*AB¥  t  i  _ 

1306  XMWGP  ■  WGP/tWVP/ XMWVP  ♦  WlP/XMWl  ♦  WCP/XMwCP) 

CALL  TABS(VGP.ZP.IAS) 
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-CAU.  TARS  IT.AK.U9) - - 

YVP  ■  FVP*XMWGP/XMWVP 
YCP  ■  FCP*XMWGP/XMWCP 

YIP  a  -YC6 - 

PGP  •  WGP*10,?3*TGP/tVGP*XMWGP) 
PTP  «  PGP  ♦  ZP*RH0LP*ACC/4633. 
-ecu  »  -ecu - 

RETURN 

END 
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SUBROUTINE  NCST 
COMMON  A.C.5 

dimension  ai laaouRi-mouct-uo) - 

EQUIVALENCE  IA(l).RUNNO)*<Al2I.PUQI.lM3)«Tll.<A(41.VPTI.(AI9l»VG 


IP)  «(AI  61  tPQP)  »  I  A(7  )  .TOP)  .  (A(6I  .TLP)  •  I  A  (9)  .CPO)  .  I  At  10)  iPPLI  •(  AIU  1  * 
2PPHI.I  AUPl.ViPU.  |Aim»OPvnPA.  IA1UI  .OPU’UtAUM.UPftBUULUl  til 
3PTNK)  <  I  All?)  .OPPCP)  ,  i  A  (18)  »DOP)  . 1  A  1 19  I  .COOP  )  .1  A  (  20 )  .PR )  t 
A  I  A!  21)  .TRP) .  (  A I  22)  .RHL'R  )  •  (  A(  23 1  *  AV )  .  I  A 1 24  I  .CDV) .  I AI29 ) tCPRl ) « 

61  Acn  I  .CPPT  )« I  A I  32  I  .CACP)  .(  A  I  33  )  .CMC  )  •  I  A<  3*  )  •CDT  )  .  I  A  (  33  UXFGWP  )  . 

7 ( AI 36 1 .CFGWP) . IAI37) .XFGLP) . IAI38 ) .CFGLP >  » ( A I  39 ) .XFLWPI » 

AIAI40.L.C£_I  MPL.IA.IA1)  .  KhP  I  .  I  A  I  A-?  )  .  Rf.LP  )  .  I  A_l  A3  I  .  TFP  )  .  I  A  I  At,  I  .  T  W  )  . 

91  A  (  A3  I .  XMWCP ) . I  At A6I .XKCP) .1  A 1 30 1 .XMUCP) » t A  ISA) »CPCP ) 

■Oil  I VAUF  NCI  I  A  |  Sfll  .IlLfLP)  ,  (A(  621  tCPCLP  )  ,  I  A  I  66)  .XrtwPv)  >  I  A  I  67  I  »PPV)  • 
11A171  I  .CVAPPi  t  I  AI  731  iCNPVl  .  I  A I  79  I  .lit  T  VP  I  •  l  A  i  83  1  .XILVP  It.. 

>  (  A I R 7  I  .  XMUVP  I  1 1  *19  1 1  .CPVPI  .(  A  1 93  I  tllVAPP)  1 1 A  199)  tXMWl  I  . 

31  AI  \<V>  1  tXM  I  .  I  A  1 1 0  A  )  .  XMU 1  1 .1  A  1 10BI  .CPI)  •  t  A  (  112  )  t.XRLP  1  t 

■  ■  4 I  A-l  UX>.1.»XMUUU-».I  AU26)  .IlEtLP  I  .1  AI  124  I  .CPI  PI  I .  I  A(  U3-UCPLP.il  t _ 

6  ( A 1 1261  tCRLP  ’  1  1 1  A  1 1?7)  ,CR|SP?  I  •  I  AI  1?R1  ,ACC  I  .  I  A I  132  l  tVDLOP  I  t 
6  I  A 1 1 36  )  .SPTCi)  t(A(  1  AO  )  .  ALGP  1  .  I  AI  1A4  1 1 ZP 1  . 1  A  1 1A8  1  t  DZPBDV  I  t 
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EQUIVALENCE  I  Cl  1)  »CCP)  »(C(2)..CF)  .  ICI 3 ) .CPGFX) . (C 1 41 .CP6P I • (C 1 5  I iCPB 
IS)  tic*  6)  tCPLP)»!CI7).CPLSI  t(CI8)  .CYCI.ICI9)  tliMBDT  )  •  I C  1 10  >  tOPBDT  I  t 
?ICIllUDTTUQJl^J.CllJl.UUARll  .lril3).DURDT).lf  n4).DUBDTl.lf  llRI.Fl 
3P1 .1C  I  16)  .FtS)  1 1C  IP)  iFISFX)  .(Cl  18)  .FCP)  t  (Cl  191  .PCS)  .1C  1 20 1  tFCSFX) 
A.IC121 1 tFPVSi t!C( 221 tFPVSFXI .ICI231 .FVP) t (CI2A) »FVS) t »C 1 29 1 tFVSFX) 

6t(CI3l) tNFI.ICI32I.MGSl 1 1  Cl  331 .HOP) . (Cl  34). Hi ) . I C I  39  I tHSCLP ) . I C I  36 
7)  tHSCLSI  .10  37)  1HVP6)  t  (COS)  .HVSGI  t  (C 1 39 )  *XXGFX)  t  ICI41 

.  iU  EMWftP  It  I C 142  l-.XMur.FX  U 1  a  Itii  .  XMlilfi.G  I .  I  f  I  44 1 1  XMWG.SZ  I  » I  f  1 43 1  iXMMgii  1 
9  1 1 1 C  (  46  I  .XMWVP1  .(C147I  .XMWVP)  I  .  I C  148 1  .XMWVM  .  I  C  1 49 1  .  XMWVSl  I 
EQUIVALENCE  IC(3niPlP)tlCI92)tPlS).ICI93I.RhOLS)t(CI 

1941  .PTP).ICl331.PTSltlCl96l  .OQCLPI .  ICI 97 1  .UliCLSU-IUMUUUGLPXt  LCX. 
2991  tUOGLSI  .ICI601  tQOGL'PI  ilC(6XI  .QDGUSI  .ICI62)  .UD&S  1  1 1 C 1 63 1 1  UD&wP  1 1 
3ICI641  iQOGWS)  .ICI69)  tUULUP)  t  ICI66I  tUDLOS)  t  (C67I  lOOLPCI  1IU68UOUL 
4BB1UC169I  .mil  SC)  .  ir.1701  .oni  WB)  .ICI7;i.QDLWSI  tiri72)  >UllPGHI.t.lf  173)  . 
btQDPHI  1  (CtT41.Ul)RPR|»(cn9UQD$PCI.(C(76)  tODSRI  1 ICI771  .QI3SSCI  i(Ct7 
631  .QllWP  1 1 1 C  I  79 1  tQDWS ) .  1C  1 82 1 1 SPTU  » 1C  1 83 


8TLI.ICC89I  .TSTG)  .ICI90)  tTSTU  t(C(91 1  »TT  I  » 1C  (92  1  .VLP)  1  If  19 J»  .VLSI » 
9ICI941  . VLP? I . I C I  99 1 tVL S2 1 


OSOUlVALSACfc-  <C49»).WBBBUH.t97MWI>H6)  I  1 6  1 961  fWPCU-)  t  K  I  99 )  tWBCLP )  t 
MCI  10U ) twDCLS) 1 1  Cl  1011 tWDCP ) 1 1 C I  102) .W  CP8 1 1 1C  1 1091 .WDCSI 1 1C  1 1041 1 
2W  CS2 1  t  (Cl  1091  tW  GSI.lC(106)iwtP).lC1107l*WlP2U(Ctl08)»WlSUlCU 
39  I  .Ml  8 2  I  .  <  g-1  W 1  »UPV*2  l>HW|)  «WPB  >  .  I  g  44-H 1  *416762 1  ♦  644  U4  UWVP ) — 
41  Cl  114  I  .WQVPI 1 1C  (119 1  »WVP2  1 1 1  Cl  1161  .WVS I  1  (C (117 1  tWDVSI  .10119)  iWVS 
92UICI  1191  *WFCLP) »  (CI120).NFCLS).IC(121I  »VlTCCF )  .  ICI 1221  .WTCLPI  1  (Cl 

AUiUMTn  ii.mnti.mifQL.LCimi.MTm.iAmA'.wtifHi.ifmi).U( 

7R1.IC1  128UWTVCFXI.ICI  129UXF)  .(Cl  130)  .TCP)  .  I  Cl  131 1  .YCS 1 . 1C  1 132 1 . 
8YI P I . I C 1 1 33 1 .7 1 S ) . ( C 1 1 34 1 .YPVS I » 1C  1 13 9 1 1 YVP) » I C 1 136 1 f YVS I . I C 1 1 17 1 . 

.9ttET6FX  U  ICI  1 36 1  .GAMGP1  .  1C  1 139 1  .GAB&6I - - - - 

©EQUIVALENCE  (Cl  141 ) .OELQGP ) . I  Cl  142 ) .DELQGS) . 1  Cl  143 1 tDELQLPI 1 1 C 1 144 
1 1. 0ELQL5I. (Cl  145 U0EHJWPI.1CU461.DELQWS1. ICI  1471. BELT)  .(CI148I.DE 

2I.TFXI  t  ICI144  1.DFWfl  SUlOllfll  .OF!  MU6l.tr  I  141  L.AXI  MUt  l.lf  MUI  ..BlKI 
3FX I i(C 1 159 1 .XMUGSI • (C 1 194) .RhOGFx) . (Cl  155) .PGS21 • (Cl  196) .RHOLP I 
EQUIVALENCE  (Cl  157UWCPI.(CI158).WCS) 

equivalence  tcii9S)«ii>Tm«.ic.ii,ftouur.puicii>i).cPQai _ _ 

EQUIVALENCE  (Cl  162  I  .ViPVS) .  (Cl  1631  *XMWPV$)  •  ICI  1641  .WTCCFXI 
EQUIVALENCE  (C 1 165 >. WPTGI.  (C (1661. WSTG) 

EQUIVALENCE  UAH  1  «ai  lui.iani.um.iam.MBti.i.tti  .anti  . _ 

1IBI9)  .TGSI  .IB16).7LS)  .  107 1  .DELPPS I  ,  I  B(  8 )  .PS)  .IB  1 91. VLSI)  • 

2IBI101 .OPVDS) tiBIlll.OPISI . I B 1 1 2 ) .OPBS) . 1 B( 13 ) .OPCS ) . 

jlBHA.1  .OBPCS-U  IBI16J..CQ5)»IBU6)  .CDCSU  LBI  3X1  .CtL)  >  IB  1 1A)  »AAT  )  « _ 
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418(19) »CWSS)  .  IBI20)  .CS1 0 ) . ( B ( 2 1 ) t CPST ) * ( B ( 22 ) tCACS) , (8 ( 23 1 « XFoWS ) . 
3(3(241  •  C  F  GW  S  )  .18(251 ,XFGLS)«(B(261 ,  CFGL5 1 • (B( 27 ) i XFLWS ) t 

- 6  LRL28-)  if  F  I.  W  S  1  . 1  R I  ?  9  L.RMSJ  .  I  RXSftl  ,.HC  L-S  l.mmi.mi.nmi.iiMBft). 

7(8(33)  .XXCS)  .  (8(37) .XKUCS ) , ( B ( 41  I .CPCS)  .  (  B  I  45  )  .HLCLS  )  , 

8  I  8149 )  .CPCLS1  .18(53) .XMWSV) »(B(54> ,PSV) . ( B ( 56 1 .CVAPS ) . 

9tB(62A-i£XSV)  .-LB.L66)  .BEI3LSJ  .18(70)  .XXVS1  .  I  R  I  74  >  .»WL1\H ' _ 

EQUIVALENCE  (1)178 )  .CPV.S)  .  (B  ( 82  )  .HVAPS1 .  (Bl  86)  .XM-S)  » (Bl 9Q )  .XMULS)  , 
1(8194)  .BEILS  )  .18(98) .CPLS1 ) . ( B(99 I .CPLS2 ) . (B( 1Q0 ) .CRLS1 ) . 

- 2xau-01 )  iCRLS ?  )  I  ( R t .102 UYPlQ&UIfU  1 Q6-)  .bbtc, ) .  ( fti  i )  o )  .alc.a ) . _ 

3(BI114),ZS) .(8(118). 02SB0V). (8(122). HAS). (R( 1261  .TAWS) 

TT  «  TLS 

- tALU_IAfl£.U.T^CVABiU5iai._ _ 

RHOLS  ■  CRLS1  +  CRLS2«TLS 
t  FI CVAPS i  1401, 1401, 1406 

im  ..DELwvj._3_-aJ _ 

WVS  ■  WVS  -  OELT«Kr>HS»FVS 
IFIOPCSl  140?. 1402, 1404 

1402.  .  VLSI  l.VLS  -  DELT*VDL(.'S  ...  _  .  . 

1403  WPVS  «  WPVS  -DEL  T  » I WDB5*  FPVS  WI)CFX»FVP) 

GO  TO  1416 

-1404 - MBPS-  A.  u. — _ _ _ _ ... _ 

1405  VLS2  ■  VLS  -CELT* ( VDLL'Si  WDCFX"  t  FvP  +FCP ) *RMS? RHOLS ) -DELWVS /KHULS 
GO  TO  1416 

-1408 — VL&2 — B-  VLS  -. -DELIA  WQLCS _ _ 

WVS2  «  CVAP$*PSV*  (VST  -  VLS2)*XMwVSm0.73»TGS) 

IFIOPCSl  1407,1407,1409 

-1407 - OELWVS  »  WVS3  must*  *0E.LT.tMDft6«EU  t - - 

IF(DFLWVS)  1401.1401,1408 

1408  WVS  «  WVS2 

- VLSa-«-Vi&-J-PELT*VDLQ&~*  PELWVSWKHQLS - 

GO  TO  1403 

1409  WPVS  *  0, 

- 1-EXQjB  IS)  ■  1413.1413.1410 _ _ _ 

1410  OELWVS  ■  WVS2  -WVS  +0ELT»WDRR*FV5 
IF (DELWVS )  1411.14)1,1412 

1411  _ OELWVS  ■  Q«  _ _ _ _ _ 

WVS  •  WVS  -  0ELT4wnBS«FVR 
SO  TO  1403 

-4413 — WVS  »  WVS, 2 - - - - - 

GO  TO  1405 

1413  DELWVS  «  WVS2  -WVS  ♦  KELT • ( WDBS"F VS  ♦  WDCFX* I FvP+FCP I »RHS I 

- U-t&ELmU  1U84U1UU4S - - - - - _ 

.414  DELWVS  ■  0. 

WVS  ■  WVS  -DELT*(WDBS»FV5  ♦  WDCFX<HFVP  ♦  FCP)*RMS) 

- ui  ca  .  ui  «  -  DEI  T»»ni  US _ 

GO  TO  1416 

1415  WVS  •  WVS2 

- UI-S3  «  V)  5  -  BHT.UM01  -  6FLMW/9HDI  t _ _ _ 

1416  DELOWS  ■  PGSMVL5  -  VLS2)*.IS5 
VLS  *  VLS2 

- ML-4  »  ULfBHOIA _ 

DELQLS  «  DELT*  ( WDCFX*UDCLS  ♦WDCFX*«0.87«QDLSC  -QDLWS  ♦UDGLSI 
1-  DELWVS*HVAP$ 

- TLS  »  TL-.  4  PEmLS7IWLS»(CPLSl  ♦  CPL»«TUI  I _ 

RHOLS  ■  CRLS1  ♦  CRLS2«TLS 
VLS  >  WI.S/RHOLS 

- -ufls_»  m  -vi  s _ 

CALL  TARSIVGS.ZS.1615) 

TT  »  TLS 

- CALL  TABSin..PSVi4SSSJ _ 

WtS  •  WJS  -DELT»(WDBS*F1S  -  WDCFX»FIP) 

WCS  *  WCS  -DELT»IWDBS«FCS  -  WDCFX*WDCS> 
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. _ WG.V-a-W&-*-  WP-VS— - 

FVS  »  WVS/WGS 
FPVS  *  WPVS.'WGS 

_  ..-ECS  a-WCS/MGS - 

FIS  =>  1,  -FVS  -FPVS  -FCS 
DEWCLS  »  DEI  T*WDCFX»WL'CLS 

_ WECLS  -  UlECLSAWLS  +  pfuCJ  swul  S  -  —  - 

WTCLS  =>  WTCLS  ♦  OFWCLS 

WTCS  *  WTC.S  +  PFLT»wnCFX«KCCS 

WT I cfx-*  -imcf X  *--i>ruT»wtoCF-x«-W - — - - — - - - - 

WTVCFX  »  ‘VTVCFX  +  DFLT*WDCFX*FVP 
WTCCFX  «  WTCCFX  ♦  DELT*WDCFX*FCP 

. .  -f  AU.  -  JAA&4-VSS  iSSTG*  1GA34- - - - 

WSTCi?  =  CKSG’SSTG 

l.STG  =  |  Visit  *l:.U>  +  (V>Tb2  -V  SH>)  “1  STL  +  1'l.LT  *  (i.DbtoS-UDbUS  I /C  PST  I  / 

1WSTG2  -  - - 

WSTG  «  WSTG? 

SST1  *  SST  -  SSTG 

TSTL  "  TS1U  t  m  i  Tit  iul-i  uir.  -bln  <i‘->  /  U  PAHu’ws.sn  ssTL  i - 

DELOGS  «  DELT« I  WDCF  X*  IODSSC-UDCLS  I  -V.ULF  X*»  »B7  *WDLSC-UDUWS-UD(jLS  I 
1 -DEL WVS*HVSO“DE LOWS 

TT  «  -TGS  - - 

CALL  T ARS  (  TT  *CPVP i92 ) 

CALL  T Ans ( TT  *CP I « 109  I 

_ Hf.c.  .  wvs«ravs  ♦  upus«CPvP  ±  wf  S3.CPC&...*  „.MlA«Cfi.l - 

TGS  *  TGS  +  DELQGS/HGS 
IFIFVSI  1*17.1*1M*18 

1*17  XMWVS  «.-!• - - - - - 

GO  TO  1*21 

1*10  IFtQPVDSl  1*19«1*19»1*20 

_ 1AJ.1_-XMWV.S-  X-XMliSV. - — — - 

GO  TO  1*21 
1*20  TT»  TGS 

CALL  -T  ABS  tl-T-idtSV-UJ-SaJ - - - 

XMWVS  ■  XMWSV/ t 1,*1 ,/SQRTF  I  1 .♦fc.»CICSV«YVS*PGS)  > 

1*21  1 F I FPVS 1  1*22* 1*22« 1*23 

1*2?  -XMWPVS  lit - — - 

GO  TO  1*26 

1*23  1FI0PVDP)  1*2* 1 1*2*  » 1* 25 

1*2*  _  XMWPVS  -■  XMWPV  -  -  - - -  - - - - 

GO  TO  1*26 
1*25  TT  •  TGS 

_ SAW*  TAatlTT.CXBV.7tj - - - - - 

XMWPVS  *  XMWPV/ 1 1«  +  1 1 /SQRTF ( 1 •♦*»*CKPV*YPV5*PGS )  ) 

1*26  XMWGS  »  W6S/IWVS/XMWVS  +WPVS/XMWPVS  *  WCS/XMwCS  ♦  WlS/XMWll 

.. _ _ _ t.V*-«-F-V&»XHWGS/XMMVS - - - 

YPvS  *  FPVS»XMWGS/ XMWPVS 
YCS  ■  FCS*XMWGS/XMWCS 

_ VI 6  «  1 .  .vvt  -YPVS  - -  * - 

PGS  •  WG5*l0.7J»TG5/tVGS«XMWGSI 
PTS  «  PGS  ♦  2S*RMOLS»ACC/*6SS. 

_ Rtnw* - — - 

END 
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INTEGRATION  SURBOUT  1NT - 

SUBROUTINE  INTO  1  G.ll.VAR  »FUNC  «  t.SOLN.Y) 

R  ■  U-0 

H  »  a/au, - — - - - - 

VAR  *  G 

CALL  T ABS 1  VAR *FUNC »  I  . v  ) 

X  a  EUtlC - 

00  10  J  ■  1.9 
VAR  ■  VAR  ♦  H 

CALL  -TAbSLVAktfUNC.-l.T-) - - - 

X  *  X  +  4»*EUNC 
VAR  »  VAR  +  H 

CALL  -T  A&S1  VAR  t  FlJNC  1 1-.XJ - 

30  X  •  X  +  ?  ««FUNC 
VAR  «VAR  +H 

CALL  TAGSlVAIUEUNCtl.t^J - - - 

X  «  X  +  A,*FUNr 
VAR  l! 

_ CALL _ LARS  I  VAR  tf-UNC-t  U0C1 _ 

SOLN  ■  IX  ♦  FUNC1AH/3. 

C  THIS  SUBROUTINE  USES  THt  CENTRAL  SIMP  SUN  RULE  WITH  TWENTY 

C  INTERVALS  FCR  THE  FVALUAT 1  ON  OF  A  OFF  INI  TF  iNTFr.RAi.  the _ 

C  CALLING  SEQUENCE  is  CALL  !NT&(O.U.VAP.iFyNCtljSOLN>«  whf RF 

C  G  *  LOWER  LIMIT.  U  »  UPPER  LIMIT.  VAR  «  VARIABLE. 

g  _  I  .  LOCATION  OF  A  TABLE  LOOKUP  .FPU  TABS  SUBROUTINE. _ 

C  SOlN  »  SOLUTION.  Y  »  A  OR  B  FOR  THE  USE  OF  THE  PRIMARY  OR  SECONDARY 
C  TANK  RESPECTIVELY. 

RETURN- - 

END 
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